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ABSTRACT
Climate change is impacting biodiversity worldwide at an accelerating pace. Traditionally, Ecological Niche Models (ENMs) have 
been widely used to infer the likely impacts of climate change on species, while accounting for their potential dispersal towards 
climatically suitable habitats. More recently, Genotype-environment association (GEA) approaches applied to genomic data have 
opened the possibility to investigate local adaptation underlying species' genetic adaptive capacity, allowing quantification of mal-
adaptation risk under future climatic conditions. In this study, we integrate ENMs with GEAs to assess climate change impacts on 
Mantidactylus bourgati, a frog microendemic to the Andringitra Massif in southeastern Madagascar. ENMs forecasted a progressive 
decline in climatically suitable habitat that, depending on the climate change scenario, could lead to either complete extinction or a 
strong reduction and disjunct future distribution. GEA analyses suggested spatially structured genotype-environment associations 
consistent with local adaptation, with three distinct adaptive units associated with the wide environmental gradients characterizing 
the Andringitra Massif region. Genetic offset calculations suggested that even if M. bourgati may succeed in tracking suitable hab-
itats through dispersal, the future genetic change required to maintain the same adaptation to current climatic conditions will be 
significant, implying a high risk of maladaptation. Moreover, most future refugial habitats are projected to fall outside Madagascar's 
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network of protected areas. These findings emphasize the importance of integrating species' genetic adaptive capacity into conserva-
tion strategies and spatial planning to help mitigate future climate change impacts on biodiversity.

1   |   Introduction

Climate change is recognized as a major driver of the ongoing global 
biodiversity crisis (Bellard et al. 2012; Jaureguiberry et al. 2022; 
Luedtke et al. 2023; Pearson et al. 2014). Climate change effects are 
rapidly intensifying and are expected to be exacerbated by syner-
gistic interactions with other anthropogenic threats (Di Febbraro 
et al. 2019; IPCC 2022; Mondanaro et al. 2024). Populations can 
respond to climate change by dispersing into new areas to track 
the change in the distribution of suitable habitats or persisting 
through genetic adaptation to local conditions (Bellard et al. 2012; 
Chen et al. 2011; Forester et al. 2025; Hoffmann and Sgrò 2011; 
Parmesan  2006; Richardson et  al.  2014). Predicting and quanti-
fying the effects of climate change on biodiversity is essential for 
effective species conservation.

Ecological Niche Models (ENMs) have become a widely ad-
opted approach for investigating potential climate change 
impacts on biodiversity (e.g., Guisan and Thuiller  2005; 
López-Tirado and Gonzalez-Andújar 2023), supported by the 
growing availability of environmental datasets and species 
occurrence records in public repositories (e.g., GBIF.org 2025; 
Hijmans et  al.  2005). ENMs characterize species' ecological 
requirements from occurrence data. These are then projected 
onto geographic landscapes and through time to generate 
maps of habitat suitability under specified climatic scenarios 
(Elith and Leathwick  2009; Miller  2010). While ENMs can 
characterize species' response to climate change as dispersal 
to climatically suitable habitats, they do not incorporate key 
aspects related to species' resilience—such as their genetic 
adaptive potential—therefore capturing only partially the 
complexity of species' responses to climate change (Hällfors 
et al. 2016; Razgour et al. 2019).

More recently, the integration of species' genetic adaptive capac-
ity into studies predicting the nature and magnitude of climate 
change impacts on populations and species is constantly in-
creasing (Capblancq et al. 2020; Razgour et al. 2019; Waldvogel 
et al. 2020). Populations can exhibit local adaptation, showing 
substantial variation in genetic composition and optimal fit-
ness across geographic landscapes as a result of evolutionary 
responses to the heterogeneous distribution of environmental 
conditions (Capblancq et al. 2020; Hoste et al. 2024). Genomic 
signatures of local adaptation can be identified through 
Genotype-Environment Association (GEA) approaches, which 
test the association between genomic variants and spatially 
explicit environmental variables measured at the sampling lo-
cations of genotyped individuals (Capblancq et al. 2018, 2020; 
Forester et al. 2018; Frichot et al. 2013). Modeling the GEAs al-
lows us to quantify the genetic change required for populations 
to maintain their current local adaptation under future environ-
mental conditions (Capblancq and Forester 2021; Fitzpatrick and 
Keller 2015). This measure, known as “genetic offset,” serves as 
a proxy for maladaptation risk (i.e., the degree to which species 
fail to adapt effectively to changing environmental conditions, 
leading to decreased fitness and increased extinction risk) and 

provides fundamental insights for species conservation (Brady 
et al. 2019; Capblancq et al. 2020; Rehfeldt et al. 2002).

Genetic offset can be spatially mapped, providing insights into 
where the species will face more difficulties in adapting to future 
climatic conditions (Capblancq and Forester  2021; Fitzpatrick 
and Keller  2015). Usually, these projections are generated using 
the whole current species' distributional range (e.g., Ferrer Obiol 
et al. 2025; Hoste et al. 2024). This approach could have limited 
value for practical conservation actions, since efforts to mitigate 
climate change effects could focus on areas where suitable habitat 
will no longer exist (due to range contraction) or fail to consider 
areas where the species could establish under future conditions 
(range expansion). In this context, integrating ENMs with ge-
nomic estimates of maladaptation risk by mapping genetic offset 
within areas of both current and future habitat suitability can pro-
vide more reliable predictions of species' maladaptation risk pat-
terns and stronger guidance for effective conservation strategies.

Madagascar is one of the most celebrated biodiversity hotspots in 
the world, renowned for its unique combination of exceptionally 
high species richness and extreme levels of endemism (Antonelli 
et al. 2022; Myers et al. 2000). Amphibians are among the faunal 
groups whose native species are entirely endemic to the island 
and display astonishing levels of species richness, with over 430 
described species (AmphibiaWeb 2025). Around 40% of Malagasy 
amphibians are microendemic, that is, characterized by extremely 
restricted distributional ranges (Brown et al. 2014, 2016), and sev-
eral hypotheses have been proposed to explain this high frequency. 
Some emphasize the influence of evolutionary mechanisms, such 
as repeated population isolations in forested habitats during arid-
ification periods associated with Quaternary climatic oscillations, 
occurring in lowland river catchments or within montane refugia 
(e.g., Brown et  al.  2014, 2016; Raxworthy and Nussbaum  1995; 
Vences et al. 2009; Wilmé et al. 2006; Wollenberg et al. 2008, 2011). 
Others suggest that human activities might have contributed to 
range contractions in some species (Helmstetter et al. 2021; Orkin 
et al. 2025). Alternatively, narrow distributions of certain taxa may 
simply reflect insufficient field sampling (Antonelli et  al.  2022; 
Carné, Vieites, Ferrer, et al. 2025).

With 47% of Malagasy amphibians classified in the highest 
threatened categories within the IUCN Red List (IUCN 2025), 
habitat loss and degradation are the primary threats, followed 
by overcollection for the pet trade, emerging infectious diseases, 
invasive species, and climate change (Andreone et  al.  2021; 
Goodman  2022; Ralimanana et  al.  2022). In particular, 
Madagascar is expected to experience rapid changes in climatic 
conditions, with projections indicating the loss of up to 50% of 
its biome surface under the most pessimistic climate change 
scenarios (Hannah et  al.  2008; Lai and Beierkuhnlein  2024; 
Malcolm et al. 2006; Tadross et al. 2008). Early investigations 
suggested that montane frogs face the greatest risk from future 
shifts in climatically suitable habitats (Raxworthy et al. 2008). 
Recent studies have predicted substantial reductions, or even 
entire loss, of amphibians' potential distributions, requiring 
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populations to undergo sharp range shifts to track suitable 
climatic conditions (Carné, Vieites, and Sillero  2025; Dubos 
et  al.  2022, 2025; Edwards et  al.  2022). Microendemic species 
are particularly vulnerable due to their limited distributions 
and expected narrow climatic niches, which limit their ability 
to reach future suitable areas that may lie far from their cur-
rent ranges (Dubos et al. 2022; Edwards et al. 2022; Raxworthy 
et al. 2008). This is further aggravated by the potential shift of 
suitable areas outside the current network of Protected Areas 
(PAs), which could further hinder species' ability to disperse and 
track their climatic niches in space (Coldrey and Turpie 2021; 
Cui et al. 2025; Thomas and Gillingham 2015).

In this study, we predict the impact of climate change on 
Mantidactylus bourgati Guibé  1974, a small amphibian mi-
croendemic to the Andringitra Massif region in southeast-
ern Madagascar, with an estimated Extent of Occurrence 
of 1313 km2 and listed as Endangered in the IUCN Red List 
(Belluardo et  al.  2021; Guibé  1974; IUCN SSC Amphibian 
Specialist Group  2017). We explicitly integrated ENMs and 
GEA analyses to evaluate the species' response to current and 
future climate change conditions in terms of potential disper-
sal to suitable habitats and genetic adaptation to local condi-
tions. Although M. bourgati occupies a broad elevation gradient 
within a mountainous landscape (930 to 2500 m a.s.l.; Belluardo 
et al. 2021; Guibé 1974), its geographic range is highly restricted 
and dispersal opportunities are presumably limited, rendering 
it particularly vulnerable to rapid climatic change and making 
it an ideal model for testing our methodological framework. 
Specifically, this study addresses the following objectives:

1.	 Assess the current and projected future distributions of M. 
bourgati under different climate change scenarios as pre-
dicted through ENMs.

2.	 Investigate genomic signatures indicating local adaptation 
of M. bourgati populations to current climatic conditions.

3.	 Quantify the species' adaptive capacity by identifying ge-
netic adaptive units under current climatic conditions and 
forecasting their geographic distribution under future cli-
mate change scenarios.

4.	 Quantify the risk of maladaptation in terms of genetic off-
set and characterize its geographic distribution across pro-
jected future suitable habitats.

5.	 Determine the extent of geographic overlap among habitat 
suitability, adaptive units, and genetic offset values with 
Madagascar's existing PA network under current and fu-
ture climate scenarios.

2   |   Materials and Methods

2.1   |   Study Area and Species

The Andringitra Massif, located in southeastern Madagascar, 
lies between the eastern escarpment and the central high plateau 
(Figure 1) and includes the country's second-highest peak (Pic 
Boby; 2658 m a.s.l.) (Goodman 1996; Nicoll and Langrand 1989). 
It spans two distinct bioclimatic regions, with the eastern slopes 
falling within the humid rainforest biome and the western 

slopes within the sub-humid forest biome (Goodman 1996). This 
region hosts a large diversity of habitats, including lowland rain-
forest, semi-arid deciduous forest, montane meadows, heath-
lands, and rocky outcrops (Belluardo et al. 2021; Goodman 1996; 
Goodman et al. 2018). Several PAs encompass this region: the 
Andringitra National Park, covering the core of the Massif; the 
Paysage Harmonieux Protégé du Corridor Forestier Ambositra–
Vondrozo, protecting the Ambositra–Vondrozo forest corridor; 
and the Pic d'Ivohibe Special Reserve (Figure  1; Goodman 
et al. 2018).

Mantidactylus bourgati is a small frog (maximum snout-vent 
length 40 mm; Glaw and Vences  2007) microendemic to the 
Andringitra Massif region (Belluardo et al. 2021; Guibé 1974). 
The species appears to be primarily associated with clean-water 
streams, where it breeds by larval development, occurring both 
in forested habitats and in montane grasslands above the tree 
line (Belluardo et al. 2021; Glaw and Vences 2007; IUCN SSC 
Amphibian Specialist Group 2017). Main threats to the species' 
conservation include habitat loss driven by overgrazing and 
fires (Belluardo et  al.  2021; IUCN SSC Amphibian Specialist 
Group 2017).

2.2   |   Tissue Sampling and Occurrence Dataset 
Compilation

Samples analyzed in this study were collected in 2018 during a 
herpetological survey conducted in the Andringitra Massif re-
gion (Belluardo et  al.  2021). We collected tissue samples from 
40 individuals of M. bourgati across six localities encompass-
ing the western and eastern sides of the Massif, recording the 
geographic coordinates of collection sites. Sampling localities 
encompass the overall areas where the species is confidently 
known to occur (Figure 1; Table S1; see Belluardo et al. 2021 for 
details on sampling activities). In addition, we enriched the M. 
bourgati dataset including additional geographic records from 
the same survey and published sources (Brown et al. 2014). Only 
records with precise and verifiable localities were retained. In 
addition, we applied a rarefaction procedure to assure that no 
more than a single point fell within a 100 × 100 m raster cell 
used as resolution for the environmental variables (see below; Di 
Febbraro et al. 2017), resulting in a final pool of 28 occurrences 
used in ENMs calibration. Sampling procedures complied with 
international, national, and institutional guidelines for amphib-
ian tissue sampling, and fieldwork was conducted under permits 
issued by the relevant Malagasy authorities.

2.3   |   Ecological Niche Modeling

2.3.1   |   Environmental Variables

To calibrate ENMs, we considered the 19 bioclimatic variables 
provided in the CHELSA database (ver. 2.1; Karger et al. 2023), 
originally rasterized at 1 km spatial resolution. After cropping 
the 19 variables over the study area, they underwent a downscal-
ing procedure to a resolution of 100 × 100 m (Text S1; Table S2). 
We also considered the 100 × 100 m resolution digital elevation 
model (DEM) provided by Jarvis et al. (2008), which was used 
to derive four additional topographic indices (i.e., slope, aspect, 
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FIGURE 1    |     Legend on next page.
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roughness and water flow direction; Wilson et al. 2007). After 
checking for multicollinearity using a threshold  of Pearson's 
|r| ≤ 0.75, the final predictor set was reduced to nine (isothermal-
ity, temperature seasonality, temperature annual range, mean 
temperature of driest quarter, precipitation of wettest month, 
precipitation of driest month, aspect, flow direction, slope; 
Table S3). These analyses were carried out using the “terra” and 
“usdm” R packages (Hijmans 2025; Naimi et al. 2014).

2.3.2   |   Model Calibration

ENMs were calibrated adopting the so-called “ensemble of 
small models” framework, an approach specifically designed to 
prevent model overfitting issues (Breiner et  al.  2015) that can 
arise when there are few occurrences compared to the number 
of environmental variables (Guisan and Zimmermann  2000). 
Accordingly, we calibrated a set of bivariate models, that is, con-
sidering all possible combinations of predictor pairs and then av-
eraging the results of each model. Bivariate models were trained 
by using five algorithms: Generalized Linear Model (GLM), 
Generalized Additive Model (GAM), Generalized Boosting 
Model (GBM), Random Forest (RF) and Maximum Entropy 
(MAXENT). To define the “M” area (i.e., the region that has 
been accessible to the species via dispersal over relevant periods 
of time) under the framework by Barve et al. (2011), we derived 
the major watersheds in the study area from the digital eleva-
tion model map (Brenning et  al.  2025) and used the resulting 
region as the domain where to place 10,000 background points 
for ENMs calibration (Karami et al. 2024; Lo Parrino et al. 2023; 
Nori and Rojas-Soto  2019). Moreover, to account for potential 
sampling biases in species occurrences, background points were 
geographically placed according to the density of the occurrence 
data, so that more background points fell where presences are 
denser (Di Febbraro et  al.  2023; Mondanaro et  al.  2021; Roy-
Dufresne et al. 2019). The predictive performance of ENMs was 
assessed using a block cross-validation approach (Muscarella 
et al. 2014), that is, splitting data into four geographically non-
overlapping bins of equal occurrence number, corresponding to 
each corner of the entire geographical space. This method has 
been used to assess model transferability, that is, the ability to 
extrapolate predictions into new areas (Muscarella et al. 2014), 
as well as to penalize models based on biologically meaningless 
predictors (Fourcade et  al.  2018). The predictive performance 
of each model was assessed by measuring the area under the 
receiver operating characteristic curve (AUC; Hanley and 
McNeil  1982) and the Continuous Boyce Index (CBI; Hirzel 
et  al.  2006). In addition, we dropped poorly calibrated mod-
els (i.e., achieving AUC < 0.7; Di Febbraro et  al.  2023) from 
the subsequent analyses. Ensemble models were obtained by 

averaging the projections of individual models, weighted by 
their respective AUC scores (Marmion et al. 2009). ENMs were 
projected on current climate and on two future climate change 
scenarios from the Coupled Model Intercomparison Project 
Phase 6 (CMIP6; O'Neill et al. 2016): SSP1-2.6, which predicts 
global warming to remain < 2°C compared to preindustrial 
level; and SSP5-8.5, which forecasts a temperature increase of 
2.40°C–5.57°C by 2100 (Tebaldi et al. 2021). For both future sce-
narios, ENMs spatial predictions considered four-time intervals 
according to the climate projections available in the CHELSA 
database, that is, 1981–2010 as current time (labeled as “2010”, 
hereafter), 2011–2040 (“2040”), 2041–2070 (“2070”), and 2071–
2100 (“2100”). Since different global circulation models may 
lead ENMs to predict diverging climate change effects (Buisson 
et  al.  2010), we considered four alternative versions, as gener-
ated by the GFDL–ESM4, IPSL–CM6A–LR, MPI–ESM1–2–HR, 
and UKESM1–0–LL global circulation models available in the 
CHELSA database (see also Sanderson et al. 2015). ENMs were 
generated using the “biomod2” (ver. 4.2.3) and “ecospat” (ver. 
4.1) R packages (Broennimann et al. 2025; Thuiller et al. 2025). 
To assess the effect of model extrapolation on climate predic-
tor values falling outside the calibration range, we calculated 
multivariate environmental similarity surfaces (i.e., MESS; 
Elith et  al.  2011). Current and future ENMs projections were 
binarized to obtain range maps according to three threshold ap-
proaches (i.e., “maximize TSS”, “minimum observed presence”, 
and “10th percentile” Liu et al. 2013), to account for the effect of 
using different binarization schemes (Di Febbraro et al. 2018). 
Since thresholding continuous suitability values can determine 
under/overprediction issues (D'Amen et al. 2015) in ENM pro-
jections and, more generally, a loss of information on gradients 
in species-habitat relationships, we created additional versions 
of the binary maps by considering a 200 m radius buffer around 
binary suitable patches and replicating all the subsequent analy-
ses with these alternative maps. Lastly, future ENM projections 
were spatially constrained accounting for the species' ability to 
disperse in future favorable environments. For this purpose, we 
used the “MigClim” R package (Engler et  al.  2012), a cellular 
automaton model that adjusts future projections accounting for 
species-specific dispersal limitations. As no exhaustive data are 
available on the average dispersal distance of the species, we 
relied on the evidence provided by Andreone et al.  (2013) and 
implemented three alternative dispersal scenarios in MigClim, 
that is, 50, 100, and 200 m/year.

2.4   |   Genomic Data

The detailed procedure for genomic data generation, including 
library preparation and sequencing, and assembly is provided 

FIGURE 1    |    Study area. (a) Land cover map of the Andringitra region (derived from European Union's Copernicus Land Monitoring Service; 
https://​doi.​org/​10.​2909/​c6377​c6e-​76cc-​4d03-​8330-​628a0​3693042); red dots indicate species' occurrences used for Ecological Niche Models; protect-
ed area boundaries are indicated by white outlines: Solid line—Andringitra National Park; dashed line—Paysage Harmonieux Protégé du Corridor 
Forestier Ambositra–Vondrozo; dotted line—Pic d'Ivohibe Special Reserve; the black rectangle delineates the extent of the map shown in panel (b). 
(b) Distribution of geographic occurrence records (yellow) and genetic samples (white; included in Genotype-environment association analyses); 
population/locality codes: AES, Andringitra Eastern Slopes; AP, Andohariana Plateau; AWS, Andringitra Western Slopes; CB, Cuvette Boby; FA, 
Fivahona Ambavanala; FV, Fivahona Velotsoa; IM, Imaitso; NA, Namoly; TS, Tsaranoro; map imagery 2024 Google. See Table S1 for localities 
coordinates.
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in Text S2, Table S4 and Figures A1–A3. Briefly, we generated a 
Double-digest Restriction-Site Associated DNA (ddRAD) data-
set and processed raw reads with Stacks 2.6 (Catchen et al. 2013) 
for demultiplexing, quality filtering, de novo assembly (given 
the absence of available reference genomes for the target spe-
cies or closely related species), and SNP calling. SNP filtering 
was performed using the “populations” module, retaining only 
those genotyped in at least 85% of individuals, with a minor al-
lele count of at least two, and a maximum observed heterozygos-
ity of 0.5. To minimize linkage among SNPs, a single SNP per 
locus was randomly selected. After excluding all five samples 
from the Fivahona Velotsoa (FV) population and three samples 
from the Andringitra Western Slopes (AWS) population due to 
low numbers of retained reads and high proportions of miss-
ing genotypes (see Text S2 for details), the final dataset used in 
downstream analyses included 32 individuals and 6381 SNPs.

2.5   |   Population Genetic Structure and Patterns 
of Isolation-By-Distance

Population genetic structure (along with the subsequent GEA 
analyses; see below) was investigated using the Life on the Edge 
(LotE) pipeline, which integrates different steps of GEA anal-
yses into a unified set of R functions (Barratt et al. 2024). We 
first explored population structure using Principal Component 
Analysis (PCA), computed with the “vegan” R package (Oksanen 
et  al.  2025). Individual ancestry and admixture coefficients 
were estimated through sparse nonnegative matrix factoriza-
tion (sNMF; Frichot et al. 2014), implemented in the “LEA” R 
package (Frichot and François 2015). We tested K ancestral pop-
ulation values ranging from 1 to 15, with 10 replicated runs per 
K. The optimal K value was determined using the cross-entropy 
criterion, selecting the value associated with the lowest mean 
cross-entropy across replicates. Finally, we tested for isolation-
by-distance (IBD) through a Mantel test to assess the correlation 
between genetic distances (calculated as the inverse of the pro-
portion of shared alleles) and geographic distances (computed as 
Euclidean distances between UTM coordinates) among individ-
uals, using the “vegan” R package (Oksanen et al. 2025).

2.6   |   Genotype-Environment Association Analyses

The following GEA analyses were performed with the LotE 
pipeline (Barratt et  al.  2024). Given the limited spatial extent 
of the study area and the restricted sample size related to the 
microendemic status of the species, we adopted a conservative 
GEA framework explicitly accounting for population structure, 
integrating complementary GEA methods, and evaluating sen-
sitivity of GEA tests for outlier detection (see below) to mini-
mize confounding effects and reduce the risks of false-positive 
associations.

Loci putatively under selection were identified using Latent Factor 
Mixed Models (LFMM; Frichot et  al.  2013) and Redundancy 
Analysis (RDA; Capblancq et al. 2018; Forester et al. 2018). Loci 
were identified based on their association to the six climatic 
variables among the nine used for ENMs (Table  S3). Missing 
SNP genotypes were imputed using two different approaches, 
depending on the analysis. For LFMM analyses, we applied the 

matrix completion approach implemented in the “LEA” R pack-
age (Frichot and François 2015). For RDA, missing values were 
imputed using mean genotype frequencies calculated within 
genetic clusters identified through sNMF analyses, following 
Razgour et al. (2018). LFMM analyses were performed with the 
“lfmm” R package (Caye et al. 2019). After optimizing LFMM 
parameters and exploring its sensitivity for outlier SNP detection 
(see Text S2; Figure A4), we executed the final LFMM analysis 
with 5 K latent factors and retained SNPs identified with a False 
Discovery Rate of 0.05. RDA was performed with the “vegan” R 
package (Oksanen et al. 2025). We retained RDA loadings of the 
first three axes based on their proportion of explained inertia 
(Figure A5a). SNPs with extreme loadings on these axes were 
considered putatively under selection. After exploring RDA sen-
sitivity in SNP selection (see Text S2; Figure A5), we retained 
outlier SNPs based on a standard deviation (SD) threshold of 2.5 
used as selection cutoff. For downstream analyses, we retained 
SNPs that were jointly detected by both LFMM and RDA.

2.7   |   Identification of Adaptive Units (AU)

The scores in the RDA space of the SNPs putatively under selec-
tion were grouped by implementing a specific clustering proce-
dure (Text S3; Table S5) to identify distinct adaptive units (AUs) 
among M. bourgati individuals. To quantify the differential 
contribution of the six climatic variables in driving the separa-
tion among the AUs in the RDA space, we calibrated a random 
forest (RF; Breiman 2001) classification model setting the AUs 
determined by the clustering procedure as the response variable, 
and the values of the climatic variables extracted from the oc-
currence pixels of the SNPs under selection as the covariates. 
RF predictive performance was assessed through classification 
accuracy calculated under a 10-fold cross-validation scheme, 
while variable importance was quantified calculating the Gini 
index. Lastly, RF was projected into the geographic space, thus 
generating a spatial distribution of the AUs identified by the 
clustering procedure. AUs spatial projections were generated 
within the binary presence pixels as predicted by ENMs con-
sidering each combination of binarization threshold, time step, 
GCM, and climate change scenarios. RF was calibrated with the 
“caret” R package (Kuhn 2008).

2.8   |   Genetic Offset Calculation

We calculated genetic offset using the LotE pipeline (Barratt 
et al. 2024), based on RDA loadings derived from the set of SNPs 
putatively under selection. We retained the first three RDA axes 
to ensure consistency with the analyses performed on the full 
SNP dataset for candidate SNP identification. Specifically, we 
computed the global genetic offset, which integrates genetic 
offset values across all retained RDA axes. Genetic offset was 
calculated based on Euclidean distances calculated for each 
pixel between current and future weighted RDA scores, with fu-
ture projections generated using the same combinations of time 
steps, GCMs, and climate change scenarios as considered in 
ENMs. Genetic offset values calculated for each of these combi-
nations were then projected in the geographic space within the 
binary presence pixels as predicted by ENMs considering each 
binarization threshold. To additionally account for potential 
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7 of 45Ecology and Evolution, 2026

nonlinear genotype-environment associations, we implemented 
a Gradient Forest (GF) approach for genetic offset calculation as 
a complementary analysis (see Text  S2 for details; Figures  A6 
and A7).

2.9   |   Protected Area Coverage of Suitable Habitat, 
Genetic Offset, and Adaptive Units

To assess the effectiveness of existing PAs in covering M. bour-
gati populations under current and future suitable habitat, as 
well as AUs distribution and genetic offset values, we quantified 
the values of these three metrics inside and outside Madagascar's 
PA network, as provided in the World Database of Protected 
Areas (UNEP-WCMC 2019).

3   |   Results

3.1   |   Ecological Niche Models

ENMs showed a good predictive performance sensu Swets (1988), 
achieving a mean AUC value equal to 0.85 (SD = 0.21) and a 
mean CBI value of 0.74 (SD = 0.28). According to MESS results, 
ENMs reported a negligible extrapolation (i.e., MESS < −20; 
sensu Iannella et  al.  2017; Figure  A8) when predicting occur-
rence probability in future scenarios. By averaging the total 
suitable habitat area across the different binarization thresholds 
and global circulation models, projections suggested an overall 
decline in habitat suitability for M. bourgati from 2010 to 2100 
(Figure 2a).

However, the magnitude of this decline varied substantially 
between the two examined climate change scenarios. Under 
SSP1-2.6, the total suitable habitat area available in 2010 (ap-
proximately 220 km2) decreased steadily to about 70 km2 by 
2070, before partially recovering by 2100 to nearly 140 km2. In 
contrast, under the most pessimistic scenario SSP5-8.5, the de-
clining trend persisted monotonically throughout the century, 
culminating in the complete loss of suitable habitat by 2100. 
Between 2010 and 2040, a large portion of the currently suit-
able area is either maintained or lost, in varying proportions 
depending on the scenario considered, with only slight range 
expansion particularly towards the west, south, and northeast 
(Figure 3a,d).

Between 2040 and 2070, models projected a pronounced re-
duction in the whole extent of suitable areas (Figure  3b,e). 
Finally, between 2070 and 2100 under SSP1-2.6, most of the 
gained suitable area is projected towards the northeast, in-
dicating a potential range shift of suitable habitats approxi-
mately 20–30 km beyond the species' current distribution and 
45 km from the Andringitra Massif (Figure  3c). The corre-
sponding figure for SSP5-8.5 suggests an almost complete loss 
of suitable habitat for the species in the study area (Figure 3f). 
This general pattern is overall consistent across all three dis-
persal scenarios, with the only exception emerging under the 
200 m/year case, where the species' potential distribution is 
predicted to remain substantially stable under the SSP1-2.6 
scenario (Figures  A9 and A10). For each dispersal scenario, 
these temporal patterns remained consistent when applying a 

200 m radius buffer around binary suitable patches, although 
the overall extent of suitable areas was larger (Figures A11–
A13), as also reflected in the spatial projections, which in-
dicated more pronounced dynamics of potential range gain, 
loss, and maintenance (Figure A14).

3.2   |   Population Genetic Structure 
and Isolation-By-Distance

The first two principal components (PCs) explained 9.8% and 
5.8% of the total genetic variance, respectively. The PC1 vs. PC2 
scatterplot suggested a genetic differentiation related to popu-
lation geographic distribution along both axes. Along the PC1 
axis, the western population (AWS) separated from all oth-
ers occurring on the eastern side of the study region and the 
Andringitra Massif (Figure  A15a,b), while PC2 differentiated 
eastern populations.

Based on the cross-entropy criterion, the optimal number of an-
cestral populations identified by the sNMF analysis was K = 2 
(Figure  A15c). The two genetic clusters displayed a west–east 
structuring (Figure 4a), closely reflecting the pattern observed 
in the PCA: the western cluster comprised individuals from the 
AWS population, while the eastern cluster included those from 
Andringitra Eastern Slopes (AES), Imaitso (IM), Namoly (NA), 
and Fivahona Ambavanala (FA) populations. Despite their 
higher affinity with the eastern cluster, the populations AES and 
IM displayed substantial admixture with the western cluster, as 
suggested by their individual ancestry coefficients (Figure 4b). 
The Mantel test displayed a significant positive correlation be-
tween genetic and geographic distances at the individual level 
(Mantel r = 0.7232, p-value = 0.001), suggesting a pattern of IBD 
in the investigated populations (Figure A15d).

3.3   |   Loci Under Selection

LFMM analyses identified 346 candidate SNPs associated with 
one or more environmental variables. The number of candidates 
detected for each variable was as follows: isothermality (123), 
temperature seasonality (98), temperature annual range (42), 
mean temperature of driest quarter (53), precipitation of wettest 
month (97), and precipitation of driest month (60). The three re-
tained RDA axes explained 34.10%, 19.41%, and 13.86% of the 
total constrained inertia, respectively (Figure A5a). Using these 
three axes, we identified 172 SNPs associated with bioclimatic 
variables with the following numbers: isothermality (77), tem-
perature seasonality (15), temperature annual range (3), mean 
temperature of driest quarter (2), precipitation of wettest month 
(55), and precipitation of driest month (20). The RDA1 vs. RDA2 
scatterplot suggested a clear differentiation between populations 
on the western and eastern sides of the Andringitra Massif along 
RDA1, as well as further separation among eastern populations 
along RDA2 (Figure 4c). Most populations were associated with 
specific environmental variables. For example, individuals from 
the AWS population were mostly associated with isothermality 
and temperature seasonality, those from FA with mean tem-
perature of driest quarter, and populations from AES and IM 
with precipitation of driest month. The RDA1 vs. RDA3 scatter-
plot (Figure A5b) provided additional insight, with RDA3 axis 
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8 of 45 Ecology and Evolution, 2026

further differentiating the NA population from the rest of east-
ern populations and suggesting some within-population differ-
entiation in the AWS, along with an association to temperature 

annual range variable. Overall, we retained 58 unique candidate 
SNPs jointly identified as outliers by both LFMM and RDA anal-
yses (ca. 0.09% of the starting 6381 SNPs).

FIGURE 2    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs), and genetic offset values. Suitable areas were estimated across four-time steps (2010–2100) under two climate change scenarios (SSP1-2.6 and 
SSP5-8.5), assuming a dispersal rate of 100 m/year. Dots indicate mean values calculated across multiple binarization thresholds and global circu-
lation models, while whiskers refer to standard deviation values. (a) Total suitable area over time. (b) Total area of AUs spatial projections within 
the ENM-predicted suitable areas (see Figure 4d for AU clustering details). (c) Genetic offset values projected in geographic space within the ENM-
predicted suitable areas of each AU.
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9 of 45Ecology and Evolution, 2026

3.4   |   Adaptive Units

The clustering procedure identified three AUs as the cluster-
ing solution most supported by the data (Figure 4d; Text S3; 
Table S5). These three AUs correspond to the following popula-
tions: AWS, AES, and IM (AU1); NA (AU2); FA (AU3). RF clas-
sification model reported a high classification performance, 
achieving a classification accuracy value = 0.88 (SD = 0.19). 
Variable importance scores indicated precipitation of driest 
month and isothermality as the most important predictors 
characterizing AU1, isothermality and precipitation of wettest 
month characterizing AU2, and precipitation of driest month, 
precipitation of wettest month and mean temperature of driest 
quarter discriminating AU3 (Figure  A16). The associations 
between AUs and climatic predictors appear to reflect the en-
vironmental conditions characterizing the areas they inhabit. 
AU1 was positively associated with isothermality, suggesting 
that populations from the slopes of the Andringitra Massif 
are associated with climatic conditions characterized by large 
diurnal temperature variation relative to annual variation, 
which is generally low (Figure 4d). The negative association 
of AU2 with isothermality, along with the positive association 

with precipitation of wettest month, suggests that the NA pop-
ulation is associated with more stable environments, charac-
terized by high precipitations and a low ratio between day/
night vs. annual temperature range (Figure  4d). AU3 was 
positively associated with mean temperature of driest quarter 
and inversely associated with precipitation in the driest and 
wettest months, suggesting that the FA population is related 
to more xeric environments (Figure 4d).

ENM projections predict a general decline in the area potentially 
occupied by all AUs from 2010 to 2100, with relevant differ-
ences between AUs, climate change scenarios (Figure 2b), and, 
in some cases, dispersal scenarios (Figures  A9 and A10). The 
suitable area for AU3 is already extremely limited under current 
conditions and is projected to further diminish and disappear 
by 2070 under SSP1-2.6, or by 2040 under SSP5-8.5. AU1 cur-
rently occupies a slightly larger suitable area (approximately 100 
km2) than AU2, but AU2 is expected to experience a slower re-
duction in suitable area compared to AU1, ultimately projected 
to become the dominant AU across the species' range. Under 
SSP1-2.6, both units are projected to experience a slight increase 
in suitable area between 2070 and 2100, reaching approximately 

FIGURE 3    |    Temporal dynamics in habitat suitability for M. bourgati as predicted by Ecological Niche Models (ENMs) from 2010 to 2100 under 
two climate change scenarios. Panels (a–c) show projections under SSP1-2.6, while panels (d–f) show projections under SSP5-8.5. Time intervals 
correspond to: (a, d) 2010–2040; (b, e) 2040–2070; (c, f) 2070–2100. Projections depicted in the figure are based on the 100 m/year dispersal scenario 
and were generated using the maximize TSS binarization threshold and the IPSL–CM6A–LR global circulation model. Protected area boundaries are 
outlined in black and filled with a darker gray tone (see Figure 1 for details).
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10 of 45 Ecology and Evolution, 2026

50 km2. In contrast, under SSP5-8.5, suitable areas for both units 
are projected to continue declining steadily, approaching zero by 
the end of the century (Figure 2b). At present and by 2040, AU1 
is projected to be the most widespread unit across areas over-
lapping the species' current distributional range, while AU2 is 
primarily projected in more peripheral regions (Figure 5a,b,e,f). 
Between 2070 and 2100, under SSP1-2.6—where the level and 
distribution of suitable areas remain more appreciable—the 
geographical separation between the two AUs becomes more 
pronounced, with the suitable area of AU1 persisting near the 
current distribution and the suitable area of AU2 becoming dom-
inant in areas to the northeast, where most of the species' suitable 
habitat is projected by 2100 (Figure 5c,d). A comparable pattern 
emerged when projections were generated using a 200 m radius 
buffer around binary suitable patches, although with a larger 
extent of suitable areas (Figures A11–A13 and A17). Under this 
buffering approach, AU3 was projected to retain some suitable 
habitat for a longer period, although predicted values remained 
close to zero (Figures A11–A13 and A17), and spatial projections 

indicated more pronounced dynamics of potential range gain, 
loss, and maintenance for each AU (Figure A17).

3.5   |   Genetic Offset

Projections suggested that genetic offset will generally increase 
for all AUs over the course of the century, with the SSP5-8.5 
scenario predicting consistently higher values than SSP1-2.6 
(Figure  2c). AU1 and AU2 exhibited comparable magnitudes 
of genetic offset and similar temporal patterns, characterized 
by a pronounced increase between 2040 and 2070 followed by 
stabilization until 2100, whereas genetic offset values for AU3 
were projected to be considerably higher than those of the 
other AUs (Figure  2c). These patterns were consistent across 
all dispersal scenarios (Figures A9 and A10). Between 2010 and 
2040, genetic offset values are generally projected to be moder-
ate under SSP1-2.6 and high under SSP5-8.5 across most of the 
suitable areas (Figure 6a,d). From 2040 to 2070, genetic offset 

FIGURE 4    |    Population genetic structure and adaptive landscape of M. bourgati from SNP individual genotype data. (a) Geographic distribution 
across the study area of the two genetic clusters identified with the sparse nonnegative matrix factorization (sNMF) analysis; individuals are colored 
according to the dominant genetic cluster to which they were assigned, defined by an ancestry coefficient exceeding 50%. (b) Barplot of individual 
ancestry coefficients for the selected K (= 2) clusters, with each vertical bar representing one individual and colors indicating ancestry proportions 
from each inferred cluster. (c) RDA performed on the full SNP dataset: RDA1 vs. RDA2 scatterplot with individuals colored based on the two genetic 
clusters identified with the sNMF method (ellipses highlight and distinguish individuals from the AES and IM populations which show substantial 
admixture with the western cluster). (d) RDA performed on the 58 SNPs putatively under selection and adaptive units (AUs) clustering through ran-
dom forest; AU color coding: AU1 (populations AWS, AES, and IM)—yellow; AU2 (NA)—blue; AU3 (FA)—red. Populations are coded as follows: 
AES, Andringitra Eastern Slopes; AWS, Andringitra Western Slopes; FA, Fivahona Ambavanala; IM, Imaitso; NA, Namoly.

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



11 of 45Ecology and Evolution, 2026

is projected to increase to high values within the few remain-
ing suitable areas in both scenarios (Figure 6b,e). Between 2070 
and 2100, under SSP1-2.6 genetic offset is projected to remain 
high near the current species' range, while moderate values are 
observed in the northeastern area where suitable habitat is ex-
pected to shift (Figure  6c). Results based on the 200 m radius 
buffer approach predicted broadly comparable temporal pat-
terns, while increasing the spatial extent over which genetic 
offset was mapped (Figures  A11–A13). Under this buffering 
approach, AU3 represented an exception: owing to a larger pre-
dicted habitat suitability, nonzero genetic offset values persisted 
towards the end of the century. Also, AU3 was predicted to ex-
hibit a temporal pattern similar to that of AU1 and AU2, with 
genetic offset generally increasing until 2070 followed by stabi-
lization or a slight decrease across dispersal scenarios, except 
for a sharp increase under the 200 m/year scenario in SSP5-8.5 
(Figures  A11–A13 and A18). Genetic offset estimates derived 
using the GF approach predicted a similar temporal trend (see 
Text S2 for details; Figures A6 and A7).

3.6   |   Protected Area Coverage of Suitable Habitat, 
Adaptive Units, and Genetic Offset

Across both climate change scenarios, the proportion of suitable 
habitat, both general (Figure 7a) and for each AU (Figure 7b), 
is projected to consistently remain higher within Madagascar's 
PA network compared to unprotected regions. However, the ex-
tent of suitable habitat outside PAs is projected to increase pro-
portionally over time, along with the general decline in habitat 

suitability projected from 2010 to 2100 (Figure 7a,b). Notably, ge-
netic offset values are projected to be consistently higher within 
the PA network than outside it, across all future time steps and 
climate change scenarios (Figure 7c). This pattern was also evi-
dent under the 50 m/year dispersal scenario, whereas under the 
200 m/year scenario genetic offset values within and outside 
PAs were more similar (Figures A19 and A20). Comparable re-
sults were obtained using the 200 m radius buffering approach 
(Figures A21–A23) and when genetic offset was estimated using 
the GF method under both binarization strategies (Figures A24 
and A25).

4   |   Discussion

By integrating ENMs with GEA analyses, we could account 
for two fundamental mechanisms underlying M. bourgati re-
sponse to future climate change—dispersal and genetic adap-
tation—thus providing a more comprehensive understanding 
of the predicted species' vulnerability. ENMs projected a pro-
gressive decline in suitable habitat from the present to the end 
of the century, resulting either in a complete disappearance or 
a pronounced reduction of suitable habitats, depending on the 
different climate change scenarios. GEA analyses suggested 
patterns of genotype-environment associations consistent with 
local adaptation, with the identification of three AUs associated 
with distinct local climatic conditions, which are predicted to 
respond differently under future climate change. In addition, 
by explicitly accounting for species' dispersal potential, genetic 
adaptive capacity and genetic offset, we forecast an alarming 

FIGURE 5    |    Spatial projections of M. bourgati adaptive units (AUs) within habitat suitability areas as predicted by Ecological Niche Models 
(ENMs) from 2010 to 2100 under two climate change scenarios (see Figure  4d for AU clustering details). Panels (a–d) show projections under 
SSP1-2.6, while panels (e–h) show projections under SSP5-8.5. Time steps correspond to: (a, e) 2010; (b, f) 2040; (c, g) 2070; (d, h) 2100. Projections 
depicted in the figure are based on the 100 m/year dispersal scenario and were generated using the maximize TSS binarization threshold and the 
IPSL–CM6A–LR global circulation model. Protected area boundaries are outlined in black and filled with a darker gray tone (see Figure 1 for details).
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12 of 45 Ecology and Evolution, 2026

future scenario in which, even under the most optimistic cli-
mate change projections, the few remaining suitable areas are 
predicted to be associated with high maladaptation risk. Finally, 
such a risk is predicted to be higher within the current PA net-
work, further exacerbating species' vulnerability under climate 
change.

4.1   |   Predicted Changes in Climatically 
Suitable Areas

Under the most pessimistic climate change scenario (SSP5-8.5), 
models project that the progressive decline in the species' suit-
able habitat until its total extinction will be limited to the high-
elevation region of the Andringitra Massif, where M. bourgati is 
currently present, with no emergence of suitable habitat in the 
adjacent low-elevation areas (Figure 3). These projections sup-
port the general notion that montane species are particularly vul-
nerable to climate change (Elsen and Tingley 2015; Mata-Guel 
et al. 2023; Raxworthy et al. 2008). These species are expected 
to track their climatic optima through upslope range shifts, a 
process that often results in substantial reductions in range size 

and may result in local extirpation or complete extinction (Elsen 
and Tingley 2015; Mata-Guel et al. 2023; Raxworthy et al. 2008). 
This pattern is especially pronounced in tropical montane 
forest biotas, where the rate of upslope shifts exceeds that ob-
served in temperate regions (Freeman et  al.  2021; Mata-Guel 
et al. 2023). In Madagascar, this pattern has been documented 
on the Tsaratanana Massif, where upslope shifts of up to 51 m 
have been recorded for the local amphibian and reptile commu-
nity between 1993 and 2003 (Raxworthy et al. 2008). Similarly, 
ENM studies predicted that suitable habitats for Malagasy bao-
bab species and for some frogs of the genus Mantella will shift to 
higher elevations under future climate scenarios (by up to 351 m 
in the case of baobabs) (Carné, Vieites, and Sillero 2025; Tagliari 
et al. 2021).

Under the optimistic SSP1-2.6 scenario, suitable habitat is pro-
jected to slightly increase between 2070 and 2100, exceeding 
2040 extents but remaining markedly below present-day levels 
(Figure 2a), a pattern also reported in other amphibians (Boyer 
et  al.  2025). This likely reflects dispersing propagules that, 
after 2070 in our dispersal simulations, gradually reach suit-
able patches that were distant and inaccessible during earlier 

FIGURE 6    |    Spatial projections of M. bourgati genetic offset values within habitat suitability areas as predicted by Ecological Niche Models 
(ENMs) from 2010 to 2100 under two climate change scenarios. Panels (a–c) show projections under SSP1-2.6, while panels (d–f) show projections 
under SSP5-8.5. Time intervals correspond to: (a, d) 2010–2040; (b, e) 2040–2070; (c, f) 2070–2100. Projections depicted in the figure are based on the 
100 m/year dispersal scenario and were generated using the maximize TSS binarization threshold and the IPSL–CM6A–LR global circulation model. 
Protected area boundaries are outlined in black and filled with a darker gray tone (see Figure 1 for details).
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13 of 45Ecology and Evolution, 2026

time intervals. Under this scenario, models projected that by 
2100 patches of climatically suitable habitat would persist near 
the high-elevation areas of the Andringitra Massif, although at 

lower elevations than the species' current locations (Figure 3). 
A few suitable areas are also expected to shift northeastward 
into the low-elevation forest corridor of Ambositra–Vondrozo 

FIGURE 7    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units (AUs) 
and genetic offset values, within (circles) and outside (squares) Madagascar's protected area network (PAs). Suitable areas were estimated across four-
time steps (2010–2100) under two climate change scenarios (SSP1-2.6 and SSP5-8.5), assuming a dispersal rate of 100 m/year. Circles and squares 
indicate mean values calculated across multiple binarization thresholds and global circulation models, while whiskers refer to standard deviation 
values. (a) Total suitable area over time within (circles) and outside (squares) Madagascar's PAs. (b) Total area of AUs spatial projections within the 
ENM-predicted suitable areas within (circles) and outside (squares) Madagascar's PAs (see Figure 4d for AU clustering details). Colors represent dif-
ferent AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic offset values projected in geographic space within the ENM-predicted suitable areas 
within (circles) and outside (squares) Madagascar's PAs. See Figure 1 for PA distribution across the study area.
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(approximately 1000–1200 m a.s.l.), while most suitable areas 
are projected to occur along a small mountain chain at the 
northeastern margin of this forest corridor. These mountains, 
with elevations of up to approximately 1800 m a.s.l., are located 
approximately 45 km north of the Andringitra Massif, close to 
the town of Ambohimahamasina (Figure 3c). The Andringitra 
Massif region and Ambohimahamasina mountains are pro-
jected to be separated by a stretch of mostly unsuitable habitat, 
resulting in a potential highly fragmented and spatially disjunct 
distribution of suitable areas (Figure 3c). This projected range 
shift towards the north (i.e., lower latitudes) contrasts with the 
common trend of poleward movements typically observed in re-
sponse to climate change (Lenoir and Svenning 2013) and aligns 
with ENM predictions for some species of Malagasy Mantella 
frogs (Carné, Vieites, and Sillero  2025). A similar northward 
and downslope shift into forest corridors has been specifically 
predicted for the microendemic Mantella aurantiaca frogs from 
central Madagascar, although this frog currently reaches up to 
1000 m a.s.l., therefore spanning a lower elevational gradient 
than M. bourgati (Edwards et al. 2022).

4.2   |   Genetic Adaptive Capacity

The detected genotype-environment associations related to cli-
matic variation in populations of M. bourgati are interpreted 
here as proxies of local adaptation, reflecting statistical rela-
tionships between allele frequencies and climatic gradients 
rather than direct evidence of fitness. Within this framework, 
the observed patterns are consistent with the presence of puta-
tive local adaptation. We acknowledge, however, that the GEA 
approaches adopted here (LFMM and RDA) primarily capture 
linear genotype-environment associations and may therefore 
be less sensitive to complex nonlinear relationships. As a result, 
the patterns of local adaptation inferred in this study should be 
interpreted as reflecting the dominant linear components of 
genotype-environment covariation. In addition, our analyses 
focus on SNP variation and do not account for other forms of 
genetic variation, such as structural variants or copy-number 
variation, which may also contribute to local adaptation in 
natural populations but remain inaccessible using reduced-
representation sequencing approaches such as ddRAD.

The adaptive landscape of M. bourgati appears to reflect the 
environmental characteristics of the habitats occupied by the 
three identified AUs, suggesting that putative local adaptation 
is mostly related to temporal variability of temperature and pre-
cipitations (Figure 4d). Specifically, the IM, AES, and AWS pop-
ulations clustered within AU1, suggesting shared association 
with similar climatic conditions despite their geographic and 
topographic separation (Figure  4a,d). Their association with 
high isothermality aligns with the tropical montane environ-
ments of the Andringitra Massif where these populations occur 
(Ghalambor 2006). Similarly, the association of NA population 
(AU2) with low isothermality and high precipitations during the 
rainiest season is consistent with its location in mid-elevation 
rainforest. Finally, in the FA population, which formed AU3, 
a distinct association with generally higher temperatures and 
lower precipitations was predicted, reflecting the warmer and 
more xeric conditions of this part of the region, where forest 
cover has been almost entirely lost. Although the species was 

sampled in all localities where it is confidently known to occur 
(Table S1), it cannot be excluded that it may also be present in 
other surrounding areas (Figure  1). Consequently, additional 
genotype-environment associations contributing to the species' 
adaptive landscape may exist but are not captured in the present 
analyses.

Species' responses to environmental and climatic changes are 
often heterogeneous among conspecific populations, due to in-
traspecific variation in genetic and phenotypic traits (Arietta 
and Skelly 2021; Capblancq et al.  2020; Forester et al.  2022, 
2025). While local adaptation was considered a process occur-
ring predominantly at broad spatial scales, a growing body of 
literature has demonstrated that it can also arise at microgeo-
graphic scales (Arietta and Skelly 2021; Forester et al.  2025; 
Mikles et al. 2020; Richardson et al. 2014). At such scales, local 
adaptation is assumed to occur when the strength of selection 
exceeds the homogenizing effects of the high gene flow typi-
cally expected at such spatial scales (Richardson et al. 2014; 
Tigano and Friesen  2016). In our study system, the sNMF 
analysis of population genetic structure, along with the detec-
tion of a significant pattern of IBD (Figures 4a,b and A15d), 
suggest a continuous pattern of genetic variation structured 
along a west–east geographic gradient, consistent with the 
presence of gene flow across the study area. The Andringitra 
Massif likely represents a permeable barrier allowing individ-
ual movements across high-elevation corridors, as suggested 
by admixture signatures between the western cluster (AWS 
population) and the two populations of the eastern cluster 
closest to the Massif (AES and IM). This is consistent with 
the species' known elevation range, up to 2500 m a.s.l., close to 
the Massif highest elevation of 2658 m a.s.l. (Goodman 1996; 
Guibé 1974; Nicoll and Langrand 1989).

The apparent strength of putative local adaptation inferred in 
M. bourgati populations, which apparently exceeds gene flow, 
may result from the highly heterogeneous environmental con-
ditions of the Andringitra Massif region (Goodman 1996; Nicoll 
and Langrand 1989). This area not only presents a pronounced 
elevation gradient but is also located at the boundary between 
the eastern rainforest belt and the subhumid forest bioclimatic 
zones (Goodman 1996; Nicoll and Langrand 1989). The hetero-
geneous and often extreme environmental conditions character-
izing montane ecosystems can impose strong selective pressures 
that promote  local adaptation to these environments (Forester 
et al. 2025; Giska et al. 2022; Kubota et al. 2015; Muir et al. 2014; 
Yadav et  al.  2021). In particular, amphibians inhabiting high-
elevation environments are exposed to selective pressures as-
sociated with hypoxia, increased ultraviolet radiation, and low 
temperatures, for which they exhibit a wide range of morpholog-
ical, physiological, and biochemical adaptations (Niu et al. 2024; 
Wang et al. 2018). These locally adapted traits may underlie a 
broad adaptive potential in montane species, potentially en-
hancing their resilience to climate change (Stöcklin et al. 2009).

The genotype-environment association pattern identified in 
M. bourgati populations may underlie the species' adaptive 
capacity in response to future climate change. The projected 
changes in the extent and spatial arrangement of the three AUs 
within suitable areas provide valuable insight into this poten-
tial adaptive response. Under present-day climatic conditions, 
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AU1 and AU2 occupy comparable extents of suitable habi-
tat (Figure  2b). However, future projections suggest that AU1 
will be more severely impacted by the overall decline in habi-
tat suitability under climate change scenarios. Under the most 
optimistic climate scenario (SSP1-2.6)—the only one that does 
not predict the complete extinction of suitable habitat for the 
species—AU2 is predicted to persist across a broader extent of 
suitable habitat (Figure 5d). Considering the projected progres-
sive reduction and disjunction in suitable areas culminating at 
the end of the century, AU1 is projected to primarily occupy the 
high-elevation areas surrounding the Andringitra Massif, while 
the suitable habitat of AU2 is predicted to prevail in the mid-
elevation mountains near Ambohimahamasina, consistent with 
the NA elevational range where AU2 is currently found. This 
disjunction suggests that the currently heterogeneous climatic 
conditions of the Andringitra region occurring within a rela-
tively restricted extent will become increasingly polarized under 
climate change. Future climate change is projected to amplify 
these contrasts leading to more extreme and spatially segregated 
environments, requiring the AUs to shift their ranges to track 
their respective suitable climatic niches. This pattern is further 
exemplified by the xeric-adapted AU3, which already occupies 
an extremely restricted area at the present time and is projected 
to lose all suitable habitat within a few decades for the likely 
disappearance of drier environments from the region (Figure 5).

4.3   |   Maladaptation Risk and Conservation 
Implications

Given its microendemic distribution, characterized by a nar-
row range and likely ecological specialization, we assume that 
M. bourgati has a limited capacity for rapid adaptive responses 
to climate change. In fact, genetic offset calculations suggested 
that, even if M. bourgati succeeds in dispersing to climatically 
suitable areas in the coming decades, and despite exhibiting a 
diversified adaptive landscape across environmental gradients, 
the genetic changes required to maintain its current genotype-
environment relationships to future climates will be substantial, 
resulting in a high risk of maladaptation. Genetic offset values 
are projected to increase progressively towards the end of the 
century (Figure  2c). Considering the disjunction of suitable 
areas predicted by 2100 under the optimistic SSP1-2.6 climate 
change scenario, genetic offset is projected to reach its maximum 
levels in the high-elevation areas surrounding the Andringitra 
Massif (Figure 6c). In the mid-elevation mountainous region of 
Ambohimahamasina, genetic offset is predicted to remain mod-
erate to high, indicating that even persistence in these areas will 
require considerable genetic change from the species relative to 
its present-day genotype-environment relationships.

Overall, there is a significant risk that the pace of climate change 
may exceed both the dispersal potential and adaptive capacity 
of M. bourgati. Global climate change is occurring at an unprec-
edented rate, exposing species to velocities of environmental 
change that surpass anything they experienced throughout their 
evolutionary histories, therefore questioning their actual ability to 
either track or adapt to new suitable conditions (Bush et al. 2004; 
Foden et  al.  2019; IPCC  2022; MacCracken  2009). At the same 
time, species are increasingly exposed to multiple pressures 

expected to act synergistically, such as habitat alteration and de-
struction, the expansion of invasive alien species, and emerging 
infectious diseases, further limiting their capacity to respond to 
new climatic conditions (Cohen et al. 2019; Di Febbraro et al. 2019; 
Jaureguiberry et al. 2022; Mondanaro et al. 2024).

Within this context, the PA network should enable species 
to respond to environmental alterations under conditions 
where pressures from anthropogenic activities are mini-
mized. Concerning our study, although a larger proportion 
of climatically suitable areas for M. bourgati are projected 
to remain within the current boundaries of the PA net-
work (Figure  7a,b), genetic offset values are predicted to be 
higher inside than outside these areas (Figure  7c). Notably, 
the mid-elevation mountains near Ambohimahamasina—
where M. bourgati is projected to retain most of its suitable 
habitat (Figure  6c)—fall almost entirely outside the current 
PA network. Although the species is projected to require sub-
stantial genetic changes to maintain its present-day genotype-
environment relationship in these mountains in the future, 
this region is predicted to maintain the lowest risk of malad-
aptation compared to the rest of the species' potential future 
range. As such, this area may serve as a refugium, not only 
for this microendemic frog but also for other montane species 
currently inhabiting the Andringitra Massif. Although the 
dispersal corridor from the Andringitra Massif is currently 
protected by the Paysage Harmonieux Protégé du Corridor 
Forestier Ambositra–Vondrozo, the lack of formal protection 
of the Ambohimahamasina region could pose a significant 
risk to its long-term survival.

The risk that climate change may generate mismatches 
between the current PA location and the future distribu-
tion of climatically suitable habitats and species is a well-
recognized conservation challenge (Hannah  2008; Thomas 
and Gillingham  2015). Recent estimates suggest that up to 
40% of the world current terrestrial PAs may undergo shifts 
in present climatic zones by the end of the century (Cui 
et al. 2025). Recommendations for spatial conservation plan-
ning of PA networks in the face of climate change emphasize 
the protection of areas identified as climatic refugia and the 
maintenance of habitat connectivity to facilitate long-distance 
species' dispersal (Ranius et  al.  2023). Recent studies sug-
gested that existing PAs in Madagascar are generally projected 
to experience lower climate change velocities compared to un-
protected areas (Lai and Beierkuhnlein 2024), and that they 
will largely retain their effectiveness in conserving vertebrate 
biodiversity at least until 2070, assuming lack of limitations 
to species' dispersal (Coldrey and Turpie 2021). Further stud-
ies need to assess climate change effects on Madagascar's PAs 
and, although this generally optimistic scenario may apply to 
several species, it may not be valid across all biodiversity com-
ponents (e.g., Bush et al. 2012; Vieilledent et al. 2013). It may 
also overlook species with narrow climatic niches or highly 
restricted distributions, such as microendemics, which hold 
high conservation values.

Traditionally, spatial conservation planning and assessments 
of species' vulnerability to climate change have relied on fu-
ture projections of habitat suitability derived from ENMs to 
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identify priority areas for conservation (Foden et  al.  2019; 
Ranius et al. 2023). With the integrative approach proposed in 
this study, combining ENMs with GEA analyses, we emphasize 
the importance of considering multiple dimensions of biodiver-
sity responses to climate change, for example explicitly includ-
ing species' genetic adaptive capacity and the associated risk of 
maladaptation. In fact, our results highlighted a key limitation 
of grounding conservation strategies solely on habitat suitability, 
as even when species might succeed in tracking future climatic 
conditions, the genetic changes required to maintain their cur-
rent genotype-environment associations may be substantial. By 
integrating genomic information, our approach potentially en-
ables the classification of climatically suitable areas according 
to their expected adaptive potential, thus allowing conservation 
efforts to prioritize locations where species are most likely to 
persist under future climate change.

4.4   |   Methodological Caveats and Perspectives

While our integrative approach provides a promising frame-
work for predicting climate change effects on biodiversity, some 
limitations related to both the study system and the adopted an-
alytical framework should be acknowledged, and the strategies 
adopted to mitigate them should be clearly outlined, as they also 
highlight opportunities to further improve this approach.

First, GEAs may be influenced by patterns of neutral genetic 
variation (Forester et al. 2018; Frichot et al. 2013). In this study, 
we characterized neutral genetic structure by testing for discrete 
clusters, IBD, and evidence of gene flow, and explicitly accounted 
for these factors in the GEA analyses. For example, population 
structure was incorporated in LFMM by specifying five latent 
factors, corresponding to the number of sampled populations, 
and a conservative outlier selection was applied by retaining 
only loci jointly detected by multiple GEA approaches (LFMM 
and RDA). In addition, the sensitivity of each method to outlier 
detection was assessed across a range of parameter settings.

Second, the limited spatial extent of the study area, relatively 
small sample size, and clustered sampling design reflect the ex-
tremely restricted distribution of this microendemic species and 
represent an intrinsic constraint of the study system, potentially 
reducing the statistical power of GEA approaches, although 
such methods are commonly applied to small sample sizes, par-
ticularly in nonmodel species (e.g., Chen et  al.  2023; Ferreira 
et al. 2020). However, because we sampled virtually all locali-
ties where the species is confidently known to occur, our sam-
pling likely captured the main geographic and environmental 
gradients occupied by the species. Moreover, the conservative 
analytical framework described above likely further mitigated 
some of these limitations, reducing the likelihood that the de-
tected genotype-environment associations are driven by neutral 
processes.

Finally, as is often the case for rare species, particularly in 
tropical systems, knowledge of the species' biology and natural 
history remains limited, especially with respect to dispersal ca-
pacity, which is central to our integrated approach. To account 
for this uncertainty, we implemented multiple dispersal rate sce-
narios within our modeling framework.

Accordingly, this study should be viewed as an example of the 
potential of this integrative approach, and our results should be 
interpreted as suggesting possible trends and hypotheses rather 
than providing definitive evidence. Future applications could 
strengthen this framework and increase its predictive value 
through broad geographic coverage and large sample sizes, the 
integration of more comprehensive genomic datasets, and the 
incorporation of direct information on dispersal and other rele-
vant aspects of species' biology and natural history.

Author Contributions

Francesco Belluardo: conceptualization (equal), formal analysis 
(equal), investigation (equal), methodology (equal), supervision (equal), 
validation (equal), visualization (equal), writing – original draft (equal), 
writing – review and editing (equal). Mirko Di Febbraro: conceptu-
alization (equal), formal analysis (equal), funding acquisition (equal), 
methodology (equal), resources (equal), supervision (equal), validation 
(equal), writing – original draft (equal), writing – review and editing 
(equal). Javier Lobón-Rovira: investigation (equal), writing – review 
and editing (equal). Ivo Oliveira Alves: investigation (equal), writing 
– review and editing (equal). Malalatiana Rasoazanany: investiga-
tion (equal), writing – review and editing (equal). Franco Andreone: 
investigation (equal), writing – review and editing (equal). Gonçalo 
M. Rosa: investigation (equal), writing – review and editing (equal). 
Simone Giovacchini: formal analysis (equal), validation (equal), 
writing – review and editing (equal). Enrico Mirone: formal anal-
ysis (equal), validation (equal), writing – review and editing (equal). 
Pushpinder Singh Jamwal: formal analysis (equal), validation 
(equal), writing – review and editing (equal). Sandra Afonso: super-
vision (equal), writing – review and editing (equal). Michele Innangi: 
formal analysis (equal), supervision (equal), validation (equal), writing 
– original draft (equal), writing – review and editing (equal). Gabriella 
Sferra: formal analysis (equal), supervision (equal), validation (equal), 
writing – review and editing (equal). Emiliano Trucchi: formal anal-
ysis (equal), supervision (equal), validation (equal), writing – review 
and editing (equal). Alessandro Mondanaro: formal analysis (equal), 
validation (equal), writing – review and editing (equal). Francesco 
Carotenuto: formal analysis (equal), validation (equal), writing – orig-
inal draft (equal), writing – review and editing (equal). Anna Loy: for-
mal analysis (equal), validation (equal), writing – review and editing 
(equal). Angelica Crottini: conceptualization (equal), funding ac-
quisition (equal), methodology (equal), resources (equal), supervision 
(equal), writing – review and editing (equal).

Acknowledgments

We thank Malagasy authorities, in particular the Ministère de l’Envi-
ronnement, de l'Ecologie et des Forêts (now Ministère l'Environnement 
et du Développement Durable) and the Direction Régionale de l'Envi-
ronnement, de l'Ecologie et des Forêts Haute Matsiatra, for providing 
the research permit (222/18/MEEF/SG/DGF/DSAP/SCB.Re), transpor-
tation permit (1596/18/MEEF/SG/DREEF.HM), and exportation per-
mit (390N-EA12/MG18; 529C–EA08/MG19). We thank MICET for their 
logistic support and the several local guides who provided their invalu-
able support during fieldwork: Boba Joseph, Francky Rasolondraibe, 
Josef Samuel, Anycet Rambonivoatra, Arsene Ravelomantazafy, and 
Jakob Jules. We also thank Pablo Orozco-terWengel and Katherine E. 
Mullin for their helpful suggestions at the project outset. Fieldwork ac-
tivities were funded by the National Geographic Society (grant num-
ber EC-50656R-18 to F.B.) and by Portuguese National Funds through 
FCT (Fundação para a Ciência e a Tecnologia) with the research project 
PTDC/BIA-EVL/31254/2017 awarded to A.C. Laboratory activities and 
outsourced services of library preparation and sequencing were funded 
by FCT with the project PTDC/BIA-EVL/31254/2017. FCT also funded 
the research contract to A.C. ([https://​doi.​org/​10.​54499/​​2020.​00823.​
CEECI​ND/​CP1601/​CP1649/​CT0002] and 2023.08548.CEECIND), the 

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.54499/2020.00823.CEECIND/CP1601/CP1649/CT0002
https://doi.org/10.54499/2020.00823.CEECIND/CP1601/CP1649/CT0002


17 of 45Ecology and Evolution, 2026

research contract of F.B. within the project PTDC/BIA-EVL/31254/2017 
and the PhD fellowships of F.B. (PD/BD/128493/2017) and J.L.-R. (PD/
BD/140808/2018). The Ministero dell'Università e della Ricerca (MUR) 
funded the research contracts of F.B. awarded to the University of 
Molise (CUPs: H53D23007200001 and H43C25000220006). Open ac-
cess publishing facilitated by Università degli Studi di Napoli Federico 
II, as part of the Wiley - CRUI-CARE agreement.

Funding

This work was supported by National Geographic Society (https://​doi.​
org/​10.​13039/​​10000​6363), EC-50656R-18 to Francesco Belluardo and 
Fundação para a Ciência e a Tecnologia (https://​doi.​org/​10.​13039/​​50110​
0001871), PTDC/BIA-EVL/31254/2017 to Angelica Crottini.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Raw sequence reads have been deposited to NCBI GenBank (BioProject: 
PRJNA1337429). Metadata files associated with sequencing, the SNPs 
datasets, and R scripts for IBD tests, ENM, and customized compo-
nents of the Life on the Edge pipeline (Barratt et al. 2024) used for GEA 
analyses have been deposited to Dryad (https://​doi.​org/​10.​5061/​dryad.​
cfxpn​vxm5). Additional information is provided in the Supporting 
Information, including Tables S1–S5 (including the occurrence dataset), 
and detailed methodological descriptions and results (Text S1–S3).

References

AmphibiaWeb. 2025. “AmphibiaWeb.” https://​amphi​biaweb.​org.

Andreone, F., P. E. Bergò, V. Mercurio, and G. M. Rosa. 2013. “Spatial 
Ecology of Scaphiophryne gottlebei in the Canyons of the Isalo Massif, 
Madagascar.” Herpetologica 69, no. 1: 11–21. https://​doi.​org/​10.​1655/​
HERPE​TOLOG​ICA-​D-​12-​00005​.

Andreone, F., A. I. Carpenter, A. Crottini, et  al. 2021. “Amphibian 
Conservation in Madagascar: Old and Novel Threats for a Peculiar 
Fauna.” In Status and Threats of Afrotropical Amphibians (Sub-Saharan 
Africa, Madagascar, Western Indian Ocean Islands). Amphibian Biology, 
Vol. 11, edited by H. Heatwole and M.-O. Rödel, 147–186. Chimaira.

Antonelli, A., R. J. Smith, A. L. Perrigo, et  al. 2022. “Madagascar's 
Extraordinary Biodiversity: Evolution, Distribution, and Use.” Science 
378, no. 6623: 962. https://​doi.​org/​10.​1126/​scien​ce.​abf0869.

Arietta, A. Z. A., and D. K. Skelly. 2021. “Rapid Microgeographic 
Evolution in Response to Climate Change.” Evolution 75, no. 11: 2930–
2943. https://​doi.​org/​10.​1111/​evo.​14350​.

Barratt, C. D., R. E. Onstein, M. L. Pinsky, et al. 2024. “Life on the Edge: 
A New Toolbox for Population-Level Climate Change Vulnerability 
Assessments.” Methods in Ecology and Evolution 15, no. 11: 2038–2058. 
https://​doi.​org/​10.​1111/​2041-​210X.​14429​.

Barve, N., V. Barve, A. Jiménez-Valverde, et  al. 2011. “The Crucial 
Role of the Accessible Area in Ecological Niche Modeling and Species 
Distribution Modeling.” Ecological Modelling 222, no. 11: 1810–1819. 
https://​doi.​org/​10.​1016/j.​ecolm​odel.​2011.​02.​011.

Bellard, C., C. Bertelsmeier, P. Leadley, W. Thuiller, and F. Courchamp. 
2012. “Impacts of Climate Change on the Future of Biodiversity.” 
Ecology Letters 15, no. 4: 365–377. https://​doi.​org/​10.​1111/j.​1461-​0248.​
2011.​01736.​x.

Belluardo, F., D. D. Quirós, J. Lobón-Rovira, et al. 2021. “Uncovering 
the Herpetological Diversity of Small Forest Fragments in South-
Eastern Madagascar (Haute Matsiatra).” Zoosystematics and Evolution 
97, no. 2: 315–343. https://​doi.​org/​10.​3897/​zse.​97.​63936​.

Boyer, I., A. Pagano, F. Isselin-Nondedeu, and R. Bertrand. 2025. 
“Elevational Range Shifts Among Bombina Toad Populations in the 
Alps in Response to Future Climate Change.” Regional Environmental 
Change 25, no. 1: 23. https://​doi.​org/​10.​1007/​s1011​3-​024-​02352​-​y.

Brady, S. P., D. I. Bolnick, R. D. H. Barrett, et al. 2019. “Understanding 
Maladaptation by Uniting Ecological and Evolutionary Perspectives.” 
American Naturalist 194, no. 4: 495–515. https://​doi.​org/​10.​1086/​
705020.

Breiman, L. 2001. “Random Forests.” Machine Learning 45, no. 1: 5–32. 
https://​doi.​org/​10.​1023/A:​10109​33404324.

Breiner, F. T., A. Guisan, A. Bergamini, and M. P. Nobis. 2015. 
“Overcoming Limitations of Modelling Rare Species by Using 
Ensembles of Small Models.” Methods in Ecology and Evolution 6, no. 
10: 1210–1218. https://​doi.​org/​10.​1111/​2041-​210X.​12403​.

Brenning, A., D. Bangs, and M. Becker. 2025. “RSAGA: SAGA 
Geoprocessing and Terrain Analysis.” https://​CRAN.​R-​proje​ct.​org/​
packa​ge=​RSAGA​.

Broennimann, O., V. Di Cola, and A. Guisan. 2025. “ecospat: Spatial 
Ecology Miscellaneous Methods.” https://​CRAN.​R-​proje​ct.​org/​packa​
ge=​ecospat.

Brown, J. L., A. Cameron, A. D. Yoder, and M. Vences. 2014. “A 
Necessarily Complex Model to Explain the Biogeography of the 
Amphibians and Reptiles of Madagascar.” Nature Communications 5, 
no. 1: 5046. https://​doi.​org/​10.​1038/​ncomm​s6046​.

Brown, J. L., N. Sillero, F. Glaw, P. Bora, D. R. Vieites, and M. Vences. 
2016. “Spatial Biodiversity Patterns of Madagascar's Amphibians and 
Reptiles.” PLoS One 11, no. 1: e0144076. https://​doi.​org/​10.​1371/​journ​
al.​pone.​0144076.

Buisson, L., W. Thuiller, N. Casajus, S. Lek, and G. Grenouillet. 2010. 
“Uncertainty in Ensemble Forecasting of Species Distribution.” Global 
Change Biology 16, no. 4: 1145–1157. https://​doi.​org/​10.​1111/j.​1365-​
2486.​2009.​02000.​x.

Bush, J., R. Dave, L. Hannah, et al. 2012. “Climate Change and the Cost 
of Conserving Species in Madagascar.” Conservation Biology 26, no. 3: 
408–419. https://​doi.​org/​10.​1111/j.​1523-​1739.​2012.​01838.​x.

Bush, M. B., M. R. Silman, and D. H. Urrego. 2004. “48,000 Years of 
Climate and Forest Change in a Biodiversity Hot Spot.” Science 303, no. 
5659: 827–829. https://​doi.​org/​10.​1126/​scien​ce.​1090795.

Capblancq, T., M. C. Fitzpatrick, R. A. Bay, M. Exposito-Alonso, and 
S. R. Keller. 2020. “Genomic Prediction of (Mal)adaptation Across 
Current and Future Climatic Landscapes.” Annual Review of Ecology, 
Evolution, and Systematics 51, no. 1: 245–269. https://​doi.​org/​10.​1146/​
annur​ev-​ecols​ys-​02072​0-​042553.

Capblancq, T., and B. R. Forester. 2021. “Redundancy Analysis: A 
Swiss Army Knife for Landscape Genomics.” Methods in Ecology and 
Evolution 12, no. 12: 2298–2309. https://​doi.​org/​10.​1111/​2041-​210X.​
13722​.

Capblancq, T., K. Luu, M. G. B. Blum, and E. Bazin. 2018. “Evaluation 
of Redundancy Analysis to Identify Signatures of Local Adaptation.” 
Molecular Ecology Resources 18, no. 6: 1223–1233. https://​doi.​org/​10.​
1111/​1755-​0998.​12906​.

Carné, A., D. R. Vieites, X. Ferrer, et  al. 2025. “Microendemism in 
Madagascar: Small Ranges or Sampling Gaps? The Case of the Frog 
Wakea madinika.” Salamandra 61, no. 2: 160–170.

Carné, A., D. R. Vieites, and N. Sillero. 2025. “Potential Effects 
of Climate Change on the Threatened Malagasy Poison Frogs: A 
Multispecies Approach.” Ecosphere 16, no. 6: e70315. https://​doi.​org/​10.​
1002/​ecs2.​70315​.

Catchen, J., P. A. Hohenlohe, S. Bassham, A. Amores, and W. A. 
Cresko. 2013. “Stacks: An Analysis Tool Set for Population Genomics.” 

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.13039/100006363
https://doi.org/10.13039/100006363
https://doi.org/10.13039/501100001871
https://doi.org/10.13039/501100001871
https://doi.org/10.5061/dryad.cfxpnvxm5
https://doi.org/10.5061/dryad.cfxpnvxm5
https://amphibiaweb.org
https://doi.org/10.1655/HERPETOLOGICA-D-12-00005
https://doi.org/10.1655/HERPETOLOGICA-D-12-00005
https://doi.org/10.1126/science.abf0869
https://doi.org/10.1111/evo.14350
https://doi.org/10.1111/2041-210X.14429
https://doi.org/10.1016/j.ecolmodel.2011.02.011
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.3897/zse.97.63936
https://doi.org/10.1007/s10113-024-02352-y
https://doi.org/10.1086/705020
https://doi.org/10.1086/705020
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1111/2041-210X.12403
https://CRAN.R-project.org/package=RSAGA
https://CRAN.R-project.org/package=RSAGA
https://CRAN.R-project.org/package=ecospat
https://CRAN.R-project.org/package=ecospat
https://doi.org/10.1038/ncomms6046
https://doi.org/10.1371/journal.pone.0144076
https://doi.org/10.1371/journal.pone.0144076
https://doi.org/10.1111/j.1365-2486.2009.02000.x
https://doi.org/10.1111/j.1365-2486.2009.02000.x
https://doi.org/10.1111/j.1523-1739.2012.01838.x
https://doi.org/10.1126/science.1090795
https://doi.org/10.1146/annurev-ecolsys-020720-042553
https://doi.org/10.1146/annurev-ecolsys-020720-042553
https://doi.org/10.1111/2041-210X.13722
https://doi.org/10.1111/2041-210X.13722
https://doi.org/10.1111/1755-0998.12906
https://doi.org/10.1111/1755-0998.12906
https://doi.org/10.1002/ecs2.70315
https://doi.org/10.1002/ecs2.70315


18 of 45 Ecology and Evolution, 2026

Molecular Ecology 22, no. 11: 3124–3140. https://​doi.​org/​10.​1111/​mec.​
12354​.

Caye, K., B. Jumentier, J. Lepeule, and O. François. 2019. “LFMM 2: Fast 
and Accurate Inference of Gene-Environment Associations in Genome-
Wide Studies.” Molecular Biology and Evolution 36, no. 4: 852–860. 
https://​doi.​org/​10.​1093/​molbev/​msz008.

Chen, I.-C., J. K. Hill, R. Ohlemüller, D. B. Roy, and C. D. Thomas. 2011. 
“Rapid Range Shifts of Species Associated With High Levels of Climate 
Warming.” Science 333, no. 6045: 1024–1026. https://​doi.​org/​10.​1126/​
scien​ce.​1206432.

Chen, Y., D. Ge, P. G. P. Ericson, et al. 2023. “Alpine Burrow-Sharing 
Mammals and Birds Show Similar Population-Level Climate Change 
Risks.” Nature Climate Change 13, no. 9: 990–996. https://​doi.​org/​10.​
1038/​s4155​8-​023-​01772​-​8.

Cohen, J. M., D. J. Civitello, M. D. Venesky, T. A. McMahon, and J. R. 
Rohr. 2019. “An Interaction Between Climate Change and Infectious 
Disease Drove Widespread Amphibian Declines.” Global Change 
Biology 25, no. 3: 927–937. https://​doi.​org/​10.​1111/​gcb.​14489​.

Coldrey, K. M., and J. K. Turpie. 2021. “The Future Representativeness 
of Madagascar's Protected Area Network in the Face of Climate 
Change.” African Journal of Ecology 59, no. 1: 253–263. https://​doi.​org/​
10.​1111/​aje.​12819​.

Cui, D., A. E. Frazier, S. Liang, et  al. 2025. “Projected Climate Zone 
Shifts Could Undermine the Effectiveness of Global Protected Areas 
for Biodiversity Conservation by Mid-To-Late Century.” Global 
Environmental Change Advances 5: 100017. https://​doi.​org/​10.​1016/j.​
gecadv.​2025.​100017.

D'Amen, M., A. Dubuis, R. F. Fernandes, J. Pottier, L. Pellissier, and 
A. Guisan. 2015. “Using Species Richness and Functional Traits 
Predictions to Constrain Assemblage Predictions From Stacked Species 
Distribution Models.” Journal of Biogeography 42, no. 7: 1255–1266. 
https://​doi.​org/​10.​1111/​jbi.​12485​.

Di Febbraro, M., L. Bosso, M. Fasola, et al. 2023. “Different Facets of 
the Same Niche: Integrating Citizen Science and Scientific Survey Data 
to Predict Biological Invasion Risk Under Multiple Global Change 
Drivers.” Global Change Biology 29, no. 19: 5509–5523. https://​doi.​org/​
10.​1111/​gcb.​16901​.

Di Febbraro, M., F. Carotenuto, S. Castiglione, et al. 2017. “Does the Jack 
of All Trades Fare Best? Survival and Niche Width in Late Pleistocene 
Megafauna.” Journal of Biogeography 44, no. 12: 2828–2838. https://​doi.​
org/​10.​1111/​jbi.​13078​.

Di Febbraro, M., M. D'Amen, P. Raia, D. De Rosa, A. Loy, and A. Guisan. 
2018. “Using Macroecological Constraints on Spatial Biodiversity 
Predictions Under Climate Change: The Modelling Method Matters.” 
Ecological Modelling 390: 79–87. https://​doi.​org/​10.​1016/j.​ecolm​odel.​
2018.​10.​023.

Di Febbraro, M., M. Menchetti, D. Russo, et  al. 2019. “Integrating 
Climate and Land-Use Change Scenarios in Modelling the Future 
Spread of Invasive Squirrels in Italy.” Diversity and Distributions 25, no. 
4: 644–659. https://​doi.​org/​10.​1111/​ddi.​12890​.

Dubos, N., P. Jitten, F. Montfort, C. Grinand, E. F. Rakotondrasoa, and 
M. Nourtier. 2025. “Predicted Population Declines Driven by Climate 
Change Can Be Mitigated With a New Protected Area in Endemic 
Tetrapods From Madagascar.” Journal for Nature Conservation 86: 
126925. https://​doi.​org/​10.​1016/j.​jnc.​2025.​126925.

Dubos, N., F. Montfort, C. Grinand, et al. 2022. “Are Narrow-Ranging 
Species Doomed to Extinction? Projected Dramatic Decline in Future 
Climate Suitability of Two Highly Threatened Species.” Perspectives 
in Ecology and Conservation 20, no. 1: 18–28. https://​doi.​org/​10.​1016/j.​
pecon.​2021.​10.​002.

Edwards, W. M., M. J. Bungard, E. F. Rakotondrasoa, et  al. 2022. 
“Predicted Impact of Climate Change on the Distribution of the 
Critically Endangered Golden Mantella (Mantella aurantiaca) in 

Madagascar.” Herpetological Journal 32, no. 1: 5–13. https://​doi.​org/​10.​
33256/​​32.1.​513.

Elith, J., and J. R. Leathwick. 2009. “Species Distribution Models: 
Ecological Explanation and Prediction Across Space and Time.” Annual 
Review of Ecology, Evolution, and Systematics 40, no. 1: 677–697. https://​
doi.​org/​10.​1146/​annur​ev.​ecols​ys.​110308.​120159.

Elith, J., S. J. Phillips, T. Hastie, M. Dudík, Y. E. Chee, and C. J. Yates. 
2011. “A Statistical Explanation of MaxEnt for Ecologists.” Diversity and 
Distributions 17, no. 1: 43–57. https://​doi.​org/​10.​1111/j.​1472-​4642.​2010.​
00725.​x.

Elsen, P. R., and M. W. Tingley. 2015. “Global Mountain Topography 
and the Fate of Montane Species Under Climate Change.” Nature 
Climate Change 5, no. 8: 772–776. https://​doi.​org/​10.​1038/​nclim​ate2656.

Engler, R., W. Hordijk, and A. Guisan. 2012. “The MIGCLIM R Package 
– Seamless Integration of Dispersal Constraints Into Projections of 
Species Distribution Models.” Ecography 35, no. 10: 872–878. https://​
doi.​org/​10.​1111/j.​1600-​0587.​2012.​07608.​x.

Ferreira, A. S., A. P. Lima, R. Jehle, M. Ferrão, and A. Stow. 2020. “The 
Influence of Environmental Variation on the Genetic Structure of a 
Poison Frog Distributed Across Continuous Amazonian Rainforest.” 
Journal of Heredity 111, no. 5: 457–470. https://​doi.​org/​10.​1093/​jhered/​
esaa034.

Ferrer Obiol, J., A. Bounas, M. Brambilla, et al. 2025. “Evolutionarily 
Distinct Lineages of a Migratory Bird of Prey Show Divergent Responses 
to Climate Change.” Nature Communications 16, no. 1: 3503. https://​doi.​
org/​10.​1038/​s4146​7-​025-​58617​-​5.

Fitzpatrick, M. C., and S. R. Keller. 2015. “Ecological Genomics Meets 
Community-Level Modelling of Biodiversity: Mapping the Genomic 
Landscape of Current and Future Environmental Adaptation.” Ecology 
Letters 18, no. 1: 1–16. https://​doi.​org/​10.​1111/​ele.​12376​.

Foden, W. B., B. E. Young, H. R. Akçakaya, et al. 2019. “Climate Change 
Vulnerability Assessment of Species.” WIREs Climate Change 10, no. 1: 
e551. https://​doi.​org/​10.​1002/​wcc.​551.

Forester, B. R., E. A. Beever, C. Darst, J. Szymanski, and W. C. Funk. 
2022. “Linking Evolutionary Potential to Extinction Risk: Applications 
and Future Directions.” Frontiers in Ecology and the Environment 20, 
no. 9: 507–515. https://​doi.​org/​10.​1002/​fee.​2552.

Forester, B. R., A. S. Cicchino, A. A. Shah, et  al. 2025. “Population 
Genomics Reveals Local Adaptation Related to Temperature Variation 
in Two Stream Frog Species: Implications for Vulnerability to Climate 
Warming.” Molecular Ecology 34, no. 23: e17651. https://​doi.​org/​10.​
1111/​mec.​17651​.

Forester, B. R., J. R. Lasky, H. H. Wagner, and D. L. Urban. 2018. 
“Comparing Methods for Detecting Multilocus Adaptation With 
Multivariate Genotype–Environment Associations.” Molecular Ecology 
27, no. 9: 2215–2233. https://​doi.​org/​10.​1111/​mec.​14584​.

Fourcade, Y., A. G. Besnard, and J. Secondi. 2018. “Paintings Predict 
the Distribution of Species, or the Challenge of Selecting Environmental 
Predictors and Evaluation Statistics.” Global Ecology and Biogeography 
27, no. 2: 245–256. https://​doi.​org/​10.​1111/​geb.​12684​.

Freeman, B. G., Y. Song, K. J. Feeley, and K. Zhu. 2021. “Montane 
Species Track Rising Temperatures Better in the Tropics Than in the 
Temperate Zone.” Ecology Letters 24, no. 8: 1697–1708. https://​doi.​org/​
10.​1111/​ele.​13762​.

Frichot, E., and O. François. 2015. “LEA: An R Package for Landscape 
and Ecological Association Studies.” Methods in Ecology and Evolution 
6, no. 8: 925–929. https://​doi.​org/​10.​1111/​2041-​210X.​12382​.

Frichot, E., F. Mathieu, T. Trouillon, G. Bouchard, and O. François. 2014. 
“Fast and Efficient Estimation of Individual Ancestry Coefficients.” 
Genetics 196, no. 4: 973–983. https://​doi.​org/​10.​1534/​genet​ics.​113.​160572.

Frichot, E., S. D. Schoville, G. Bouchard, and O. François. 2013. “Testing 
for Associations Between Loci and Environmental Gradients Using 

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/mec.12354
https://doi.org/10.1093/molbev/msz008
https://doi.org/10.1126/science.1206432
https://doi.org/10.1126/science.1206432
https://doi.org/10.1038/s41558-023-01772-8
https://doi.org/10.1038/s41558-023-01772-8
https://doi.org/10.1111/gcb.14489
https://doi.org/10.1111/aje.12819
https://doi.org/10.1111/aje.12819
https://doi.org/10.1016/j.gecadv.2025.100017
https://doi.org/10.1016/j.gecadv.2025.100017
https://doi.org/10.1111/jbi.12485
https://doi.org/10.1111/gcb.16901
https://doi.org/10.1111/gcb.16901
https://doi.org/10.1111/jbi.13078
https://doi.org/10.1111/jbi.13078
https://doi.org/10.1016/j.ecolmodel.2018.10.023
https://doi.org/10.1016/j.ecolmodel.2018.10.023
https://doi.org/10.1111/ddi.12890
https://doi.org/10.1016/j.jnc.2025.126925
https://doi.org/10.1016/j.pecon.2021.10.002
https://doi.org/10.1016/j.pecon.2021.10.002
https://doi.org/10.33256/32.1.513
https://doi.org/10.33256/32.1.513
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1038/nclimate2656
https://doi.org/10.1111/j.1600-0587.2012.07608.x
https://doi.org/10.1111/j.1600-0587.2012.07608.x
https://doi.org/10.1093/jhered/esaa034
https://doi.org/10.1093/jhered/esaa034
https://doi.org/10.1038/s41467-025-58617-5
https://doi.org/10.1038/s41467-025-58617-5
https://doi.org/10.1111/ele.12376
https://doi.org/10.1002/wcc.551
https://doi.org/10.1002/fee.2552
https://doi.org/10.1111/mec.17651
https://doi.org/10.1111/mec.17651
https://doi.org/10.1111/mec.14584
https://doi.org/10.1111/geb.12684
https://doi.org/10.1111/ele.13762
https://doi.org/10.1111/ele.13762
https://doi.org/10.1111/2041-210X.12382
https://doi.org/10.1534/genetics.113.160572


19 of 45Ecology and Evolution, 2026

Latent Factor Mixed Models.” Molecular Biology and Evolution 30, no. 
7: 1687–1699. https://​doi.​org/​10.​1093/​molbev/​mst063.

GBIF.org. 2025. “GBIF Home Page.” https://​www.​gbif.​org.

Ghalambor, C. K. 2006. “Are Mountain Passes Higher in the Tropics? 
Janzen's Hypothesis Revisited.” Integrative and Comparative Biology 46, 
no. 1: 5–17. https://​doi.​org/​10.​1093/​icb/​icj003.

Giska, I., J. Pimenta, L. Farelo, et al. 2022. “The Evolutionary Pathways 
for Local Adaptation in Mountain Hares.” Molecular Ecology 31, no. 5: 
1487–1503. https://​doi.​org/​10.​1111/​mec.​16338​.

Glaw, F., and M. Vences. 2007. A Field Guide to the Amphibians and 
Reptiles of Madagascar. 3rd ed. Vences & Glaw Verlag.

Goodman, S. M. 1996. A Floral and Faunal Inventory of the Eastern 
Slopes of the Réserve Naturelle Intégrale D'andringitra, Madagascar, 
With Reference to Elevational Variation. Fieldiana, Zoology, New Series. 
Field Museum of Natural History.

Goodman, S. M. 2022. The New Natural History of Madagascar, Vol. 2. 
Princeton University Press.

Goodman, S. M., M. J. Raherilalao, and S. Wohlhauser. 2018. Les 
Aires Protégées Terrestres de Madagascar: Leur Histoire, Description 
et Biote/The Terrestrial Protected Areas of Madagascar: Their History, 
Description, and Biota. Association Vahatra.

Guibé, J. 1974. “Batraciens nouveaux de Madagascar.” Bulletin Du 
Muséum National D'Histoire Naturelle 145, no. 3: 1009–1017.

Guisan, A., and W. Thuiller. 2005. “Predicting Species Distribution: 
Offering More Than Simple Habitat Models.” Ecology Letters 8, no. 9: 
993–1009. https://​doi.​org/​10.​1111/j.​1461-​0248.​2005.​00792.​x.

Guisan, A., and N. E. Zimmermann. 2000. “Predictive Habitat 
Distribution Models in Ecology.” Ecological Modelling 135, no. 2–3: 147–
186. https://​doi.​org/​10.​1016/​S0304​-​3800(00)​00354​-​9.

Hällfors, M. H., J. Liao, J. Dzurisin, et al. 2016. “Addressing Potential 
Local Adaptation in Species Distribution Models: Implications for 
Conservation Under Climate Change.” Ecological Applications 26, no. 
4: 1154–1169. https://​doi.​org/​10.​1890/​15-​0926.

Hanley, J. A., and B. J. McNeil. 1982. “The Meaning and Use of the Area 
Under a Receiver Operating Characteristic (ROC) Curve.” Radiology 
143, no. 1: 29–36. https://​doi.​org/​10.​1148/​radio​logy.​143.1.​7063747.

Hannah, L. 2008. “Protected Areas and Climate Change.” Annals of the 
New York Academy of Sciences 1134, no. 1: 201–212. https://​doi.​org/​10.​
1196/​annals.​1439.​009.

Hannah, L., R. Dave, P. P. Lowry, et  al. 2008. “Climate Change 
Adaptation for Conservation in Madagascar.” Biology Letters 4, no. 5: 
590–594. https://​doi.​org/​10.​1098/​rsbl.​2008.​0270.

Helmstetter, A. J., S. Cable, F. Rakotonasolo, et  al. 2021. “The 
Demographic History of Madagascan Micro-Endemics: Have Rare 
Species Always Been Rare?” Proceedings of the Royal Society B: 
Biological Sciences 288, no. 1959: 20210957. https://​doi.​org/​10.​1098/​
rspb.​2021.​0957.

Hijmans, R. J. 2025. “terra: Spatial Data Analysis.” https://​CRAN.​R-​
proje​ct.​org/​packa​ge=​terra​.

Hijmans, R. J., S. E. Cameron, J. L. Parra, P. G. Jones, and A. Jarvis. 
2005. “Very High Resolution Interpolated Climate Surfaces for Global 
Land Areas.” International Journal of Climatology 25, no. 15: 1965–
1978. https://​doi.​org/​10.​1002/​joc.​1276.

Hirzel, A. H., G. Le Lay, V. Helfer, C. Randin, and A. Guisan. 2006. 
“Evaluating the Ability of Habitat Suitability Models to Predict Species 
Presences.” Ecological Modelling 199, no. 2: 142–152. https://​doi.​org/​10.​
1016/j.​ecolm​odel.​2006.​05.​017.

Hoffmann, A. A., and C. M. Sgrò. 2011. “Climate Change and 
Evolutionary Adaptation.” Nature 470, no. 7335: 479–485. https://​doi.​
org/​10.​1038/​natur​e09670.

Hoste, A., T. Capblancq, T. Broquet, et al. 2024. “Projection of Current 
and Future Distribution of Adaptive Genetic Units in an Alpine 
Ungulate.” Heredity 132, no. 1: 54–66. https://​doi.​org/​10.​1038/​s4143​7-​
023-​00661​-​2.

Iannella, M., F. Cerasoli, and M. Biondi. 2017. “Unraveling Climate 
Influences on the Distribution of the Parapatric Newts Lissotriton vul-
garis meridionalis and L. italicus.” Frontiers in Zoology 14, no. 1: 55. 
https://​doi.​org/​10.​1186/​s1298​3-​017-​0239-​4.

IPCC. 2022. “Climate Change 2022: Impacts, Adaptation, and 
Vulnerability.” In Contribution of Working Group II to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press.

IUCN. 2025. “The IUCN Red List of Threatened Species. Version 2025-
1.” https://​www.​iucnr​edlist.​org.

IUCN SSC Amphibian Specialist Group. 2017. “Mantidactylus bour-
gati: IUCN SSC Amphibian Specialist Group.” In IUCN Red List of 
Threatened Species (p. e.T135792A84184472). IUCN SSC Amphibian 
Specialist Group. https://​doi.​org/​10.​2305/​IUCN.​UK.​2017-​2.​RLTS.​
T1357​92A84​184472.​en.

Jarvis, A., H. I. Reuter, A. Nelson, and E. Guevara. 2008. “Hole-Filled 
SRTM for the Globe Version 4.” Available from the CGIAR-CSI SRTM 
90m Database. http://​srtm.​csi.​cgiar.​org.

Jaureguiberry, P., N. Titeux, M. Wiemers, et  al. 2022. “The Direct 
Drivers of Recent Global Anthropogenic Biodiversity Loss.” Science 
Advances 8, no. 45: eabm9982. https://​doi.​org/​10.​1126/​sciadv.​abm9982.

Karami, P., S. Tavakoli, and M. Esmaeili. 2024. “Integrating Fine-Scale 
Habitat Suitability and Hydrological Structures to Assess Population 
Connectivity for the Kaiser's Mountain Newt (Neurergus kaiseri) in 
Southwest of Iran.” Global Ecology and Conservation 54: e03194. https://​
doi.​org/​10.​1016/j.​gecco.​2024.​e03194.

Karger, D. N., S. Lange, C. Hari, et  al. 2023. “CHELSA-W5E5: Daily 
1 km Meteorological Forcing Data for Climate Impact Studies.” Earth 
System Science Data 15, no. 6: 2445–2464. https://​doi.​org/​10.​5194/​
essd-​15-​2445-​2023.

Kubota, S., T. Iwasaki, K. Hanada, et  al. 2015. “A Genome Scan for 
Genes Underlying Microgeographic-Scale Local Adaptation in a Wild 
Arabidopsis Species.” PLoS Genetics 11, no. 7: e1005361. https://​doi.​org/​
10.​1371/​journ​al.​pgen.​1005361.

Kuhn, M. 2008. “Building Predictive Models in R Using the Caret 
Package.” Journal of Statistical Software 28, no. 5: 1–26. https://​doi.​org/​
10.​18637/​​jss.​v028.​i05.

Lai, Q., and C. Beierkuhnlein. 2024. “The Vulnerability of Malagasy 
Protected Areas in the Face of Climate Change.” Diversity 16, no. 11: 
661. https://​doi.​org/​10.​3390/​d1611​0661.

Lenoir, J., and J.-C. Svenning. 2013. “Latitudinal and Elevational Range 
Shifts Under Contemporary Climate Change.” In Encyclopedia of 
Biodiversity, edited by S. A. Levin, 2nd ed., 599–611. Academic Press. 
https://​doi.​org/​10.​1016/​B978-​0-​12-​38471​9-​5.​00375​-​0.

Liu, C., M. White, and G. Newell. 2013. “Selecting Thresholds for the 
Prediction of Species Occurrence With Presence-Only Data.” Journal of 
Biogeography 40, no. 4: 778–789. https://​doi.​org/​10.​1111/​jbi.​12058​.

Lo Parrino, E., M. Falaschi, R. Manenti, and G. F. Ficetola. 2023. “All 
That Changes Is Not Shift: Methodological Choices Influence Niche 
Shift Detection in Freshwater Invasive Species.” Ecography 2023, no. 2: 
e06432. https://​doi.​org/​10.​1111/​ecog.​06432​.

López-Tirado, J., and J. L. Gonzalez-Andújar. 2023. “Spatial Weed 
Distribution Models Under Climate Change: A Short Review.” PeerJ 11: 
e15220. https://​doi.​org/​10.​7717/​peerj.​15220​.

Luedtke, J. A., J. Chanson, K. Neam, et al. 2023. “Ongoing Declines for 
the World's Amphibians in the Face of Emerging Threats.” Nature 622, 
no. 7982: 308–314. https://​doi.​org/​10.​1038/​s4158​6-​023-​06578​-​4.

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/molbev/mst063
https://www.gbif.org
https://doi.org/10.1093/icb/icj003
https://doi.org/10.1111/mec.16338
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1890/15-0926
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.1196/annals.1439.009
https://doi.org/10.1196/annals.1439.009
https://doi.org/10.1098/rsbl.2008.0270
https://doi.org/10.1098/rspb.2021.0957
https://doi.org/10.1098/rspb.2021.0957
https://CRAN.R-project.org/package=terra
https://CRAN.R-project.org/package=terra
https://doi.org/10.1002/joc.1276
https://doi.org/10.1016/j.ecolmodel.2006.05.017
https://doi.org/10.1016/j.ecolmodel.2006.05.017
https://doi.org/10.1038/nature09670
https://doi.org/10.1038/nature09670
https://doi.org/10.1038/s41437-023-00661-2
https://doi.org/10.1038/s41437-023-00661-2
https://doi.org/10.1186/s12983-017-0239-4
https://www.iucnredlist.org
https://doi.org/10.2305/IUCN.UK.2017-2.RLTS.T135792A84184472.en
https://doi.org/10.2305/IUCN.UK.2017-2.RLTS.T135792A84184472.en
http://srtm.csi.cgiar.org
https://doi.org/10.1126/sciadv.abm9982
https://doi.org/10.1016/j.gecco.2024.e03194
https://doi.org/10.1016/j.gecco.2024.e03194
https://doi.org/10.5194/essd-15-2445-2023
https://doi.org/10.5194/essd-15-2445-2023
https://doi.org/10.1371/journal.pgen.1005361
https://doi.org/10.1371/journal.pgen.1005361
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.3390/d16110661
https://doi.org/10.1016/B978-0-12-384719-5.00375-0
https://doi.org/10.1111/jbi.12058
https://doi.org/10.1111/ecog.06432
https://doi.org/10.7717/peerj.15220
https://doi.org/10.1038/s41586-023-06578-4


20 of 45 Ecology and Evolution, 2026

MacCracken, M. C. 2009. “The Increasing Pace of Climate Change.” 
Strategic Planning for Energy and the Environment 28, no. 3: 8–25. 
https://​doi.​org/​10.​1080/​10485​23090​9509197.

Malcolm, J. R., C. Liu, R. P. Neilson, L. Hansen, and L. Hannah. 2006. 
“Global Warming and Extinctions of Endemic Species From Biodiversity 
Hotspots.” Conservation Biology 20, no. 2: 538–548. https://​doi.​org/​10.​
1111/j.​1523-​1739.​2006.​00364.​x.

Marmion, M., M. Parviainen, M. Luoto, R. K. Heikkinen, and W. 
Thuiller. 2009. “Evaluation of Consensus Methods in Predictive Species 
Distribution Modelling.” Diversity and Distributions 15, no. 1: 59–69. 
https://​doi.​org/​10.​1111/j.​1472-​4642.​2008.​00491.​x.

Mata-Guel, E. O., M. C. K. Soh, C. W. Butler, R. J. Morris, O. Razgour, 
and K. S.-H. Peh. 2023. “Impacts of Anthropogenic Climate Change on 
Tropical Montane Forests: An Appraisal of the Evidence.” Biological 
Reviews 98, no. 4: 1200–1224. https://​doi.​org/​10.​1111/​brv.​12950​.

Mikles, C. S., S. M. Aguillon, Y. L. Chan, et  al. 2020. “Genomic 
Differentiation and Local Adaptation on a Microgeographic Scale in a 
Resident Songbird.” Molecular Ecology 29, no. 22: 4295–4307. https://​
doi.​org/​10.​1111/​mec.​15647​.

Miller, J. 2010. “Species Distribution Modeling.” Geography Compass 4, 
no. 6: 490–509. https://​doi.​org/​10.​1111/j.​1749-​8198.​2010.​00351.​x.

Mondanaro, A., M. Di Febbraro, S. Castiglione, et al. 2024. “Modelling 
Reveals the Effect of Climate and Land Use Change on Madagascar's 
Chameleons Fauna.” Communications Biology 7, no. 1: 889. https://​doi.​
org/​10.​1038/​s4200​3-​024-​06597​-​5.

Mondanaro, A., M. Di Febbraro, M. Melchionna, et al. 2021. “The Role 
of Habitat Fragmentation in Pleistocene Megafauna Extinction in 
Eurasia.” Ecography 44, no. 11: 1619–1630. https://​doi.​org/​10.​1111/​ecog.​
05939​.

Muir, A. P., R. Biek, R. Thomas, and B. K. Mable. 2014. “Local Adaptation 
With High Gene Flow: Temperature Parameters Drive Adaptation to 
Altitude in the Common Frog (Rana temporaria).” Molecular Ecology 
23, no. 3: 561–574. https://​doi.​org/​10.​1111/​mec.​12624​.

Muscarella, R., P. J. Galante, M. Soley-Guardia, et al. 2014. “ENMeval: 
An R Package for Conducting Spatially Independent Evaluations and 
Estimating Optimal Model Complexity for Maxent Ecological Niche 
Models.” Methods in Ecology and Evolution 5, no. 11: 1198–1205. https://​
doi.​org/​10.​1111/​2041-​210X.​12261​.

Myers, N., R. A. Mittermeier, C. G. Mittermeier, G. A. B. da Fonseca, 
and J. Kent. 2000. “Biodiversity Hotspots for Conservation Priorities.” 
Nature 403, no. 6772: 853–858. https://​doi.​org/​10.​1038/​35002501.

Naimi, B., N. A. S. Hamm, T. A. Groen, A. K. Skidmore, and A. G. 
Toxopeus. 2014. “Where Is Positional Uncertainty a Problem for Species 
Distribution Modelling?” Ecography 37, no. 2: 191–203. https://​doi.​org/​
10.​1111/j.​1600-​0587.​2013.​00205.​x.

Nicoll, M. E., and O. Langrand. 1989. Madagascar: Revue de la conserva-
tion et des aires protégées. World Wide Fund for Nature.

Niu, Y., X. Zhang, H. Zhang, et  al. 2024. “Ecological Adaptations 
of Amphibians to Environmental Changes Along an Altitudinal 
Gradient (Case Study: Bufo gargarizans) From Phenotypic and Genetic 
Perspectives.” BMC Biology 22, no. 1: 231. https://​doi.​org/​10.​1186/​s1291​
5-​024-​02033​-​6.

Nori, J., and O. Rojas-Soto. 2019. “On the Environmental Background of 
Aquatic Organisms for Ecological Niche Modeling: A Call for Caution.” 
Aquatic Ecology 53, no. 4: 595–605. https://​doi.​org/​10.​1007/​s1045​2-​019-​
09711​-​6.

Oksanen, J., G. L. Simpson, F. G. Blanchet, et  al. 2025. “vegan: 
Community Ecology Package.” https://​CRAN.​R-​proje​ct.​org/​packa​ge=​
vegan​.

O'Neill, B. C., C. Tebaldi, D. P. van Vuuren, et al. 2016. “The Scenario 
Model Intercomparison Project (ScenarioMIP) for CMIP6.” Geoscientific 

Model Development 9, no. 9: 3461–3482. https://​doi.​org/​10.​5194/​
gmd-​9-​3461-​2016.

Orkin, J. D., L. F. K. Kuderna, N. Hermosilla-Albala, et  al. 2025. 
“Ecological and Anthropogenic Effects on the Genomic Diversity of 
Lemurs in Madagascar.” Nature Ecology & Evolution 9, no. 1: 42–56. 
https://​doi.​org/​10.​1038/​s4155​9-​024-​02596​-​1.

Parmesan, C. 2006. “Ecological and Evolutionary Responses to Recent 
Climate Change.” Annual Review of Ecology, Evolution, and Systematics 
37, no. 1: 637–669. https://​doi.​org/​10.​1146/​annur​ev.​ecols​ys.​37.​091305.​
110100.

Pearson, R. G., J. C. Stanton, K. T. Shoemaker, et al. 2014. “Life History 
and Spatial Traits Predict Extinction Risk due to Climate Change.” 
Nature Climate Change 4, no. 3: 217–221. https://​doi.​org/​10.​1038/​nclim​
ate2113.

Ralimanana, H., A. L. Perrigo, R. J. Smith, et al. 2022. “Madagascar's 
Extraordinary Biodiversity: Threats and Opportunities.” Science 378, 
no. 6623: eadf1466. https://​doi.​org/​10.​1126/​scien​ce.​adf1466.

Ranius, T., L. A. Widenfalk, M. Seedre, et  al. 2023. “Protected Area 
Designation and Management in a World of Climate Change: A Review 
of Recommendations.” Ambio 52, no. 1: 68–80. https://​doi.​org/​10.​1007/​
s1328​0-​022-​01779​-​z.

Raxworthy, C. J., and R. A. Nussbaum. 1995. “Systematics, Speciation 
and Biogeography of the Dwarf Chameleons (Brookesia; Reptilia, 
Squamata, Chamaeleontidae) of Northern Madagascar.” Journal of 
Zoology 235, no. 4: 525–558. https://​doi.​org/​10.​1111/j.​1469-​7998.​1995.​
tb017​67.​x.

Raxworthy, C. J., R. G. Pearson, N. Rabibisoa, et al. 2008. “Extinction 
Vulnerability of Tropical Montane Endemism From Warming and 
Upslope Displacement: A Preliminary Appraisal for the Highest Massif 
in Madagascar.” Global Change Biology 14, no. 8: 1703–1720. https://​doi.​
org/​10.​1111/j.​1365-​2486.​2008.​01596.​x.

Razgour, O., B. Forester, J. B. Taggart, et al. 2019. “Considering Adaptive 
Genetic Variation in Climate Change Vulnerability Assessment Reduces 
Species Range Loss Projections.” Proceedings of the National Academy 
of Sciences of the United States of America 116, no. 21: 10418–10423. 
https://​doi.​org/​10.​1073/​pnas.​18206​63116​.

Razgour, O., J. B. Taggart, S. Manel, et  al. 2018. “An Integrated 
Framework to Identify Wildlife Populations Under Threat From 
Climate Change.” Molecular Ecology Resources 18, no. 1: 18–31. https://​
doi.​org/​10.​1111/​1755-​0998.​12694​.

Rehfeldt, G. E., N. M. Tchebakova, Y. I. Parfenova, W. R. Wykoff, N. A. 
Kuzmina, and L. I. Milyutin. 2002. “Intraspecific Responses to Climate 
in Pinus sylvestris.” Global Change Biology 8, no. 9: 912–929. https://​doi.​
org/​10.​1046/j.​1365-​2486.​2002.​00516.​x.

Richardson, J. L., M. C. Urban, D. I. Bolnick, and D. K. Skelly. 2014. 
“Microgeographic Adaptation and the Spatial Scale of Evolution.” 
Trends in Ecology & Evolution 29, no. 3: 165–176. https://​doi.​org/​10.​
1016/j.​tree.​2014.​01.​002.

Rivera-Colón, A. G., and J. Catchen 2022. “Population Genomics 
Analysis with RAD, Reprised: Stacks 2.” Marine Genomics: 99–149. 
https://​doi.​org/​10.​1007/​978-​1-​0716-​2313-​8_​7.

Roy-Dufresne, E., F. Saltré, B. D. Cooke, et  al. 2019. “Modeling the 
Distribution of a Wide-Ranging Invasive Species Using the Sampling 
Efforts of Expert and Citizen Scientists.” Ecology and Evolution 9, no. 
19: 11053–11063. https://​doi.​org/​10.​1002/​ece3.​5609.

Sanderson, B. M., R. Knutti, and P. Caldwell. 2015. “A Representative 
Democracy to Reduce Interdependency in a Multimodel Ensemble.” 
Journal of Climate 28, no. 13: 5171–5194. https://​doi.​org/​10.​1175/​JCLI-​
D-​14-​00362.​1.

Stöcklin, J., P. Kuss, and A. R. Pluess. 2009. “Genetic Diversity, 
Phenotypic Variation and Local Adaptation in the Alpine Landscape: 

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1080/10485230909509197
https://doi.org/10.1111/j.1523-1739.2006.00364.x
https://doi.org/10.1111/j.1523-1739.2006.00364.x
https://doi.org/10.1111/j.1472-4642.2008.00491.x
https://doi.org/10.1111/brv.12950
https://doi.org/10.1111/mec.15647
https://doi.org/10.1111/mec.15647
https://doi.org/10.1111/j.1749-8198.2010.00351.x
https://doi.org/10.1038/s42003-024-06597-5
https://doi.org/10.1038/s42003-024-06597-5
https://doi.org/10.1111/ecog.05939
https://doi.org/10.1111/ecog.05939
https://doi.org/10.1111/mec.12624
https://doi.org/10.1111/2041-210X.12261
https://doi.org/10.1111/2041-210X.12261
https://doi.org/10.1038/35002501
https://doi.org/10.1111/j.1600-0587.2013.00205.x
https://doi.org/10.1111/j.1600-0587.2013.00205.x
https://doi.org/10.1186/s12915-024-02033-6
https://doi.org/10.1186/s12915-024-02033-6
https://doi.org/10.1007/s10452-019-09711-6
https://doi.org/10.1007/s10452-019-09711-6
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1038/s41559-024-02596-1
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1038/nclimate2113
https://doi.org/10.1038/nclimate2113
https://doi.org/10.1126/science.adf1466
https://doi.org/10.1007/s13280-022-01779-z
https://doi.org/10.1007/s13280-022-01779-z
https://doi.org/10.1111/j.1469-7998.1995.tb01767.x
https://doi.org/10.1111/j.1469-7998.1995.tb01767.x
https://doi.org/10.1111/j.1365-2486.2008.01596.x
https://doi.org/10.1111/j.1365-2486.2008.01596.x
https://doi.org/10.1073/pnas.1820663116
https://doi.org/10.1111/1755-0998.12694
https://doi.org/10.1111/1755-0998.12694
https://doi.org/10.1046/j.1365-2486.2002.00516.x
https://doi.org/10.1046/j.1365-2486.2002.00516.x
https://doi.org/10.1016/j.tree.2014.01.002
https://doi.org/10.1016/j.tree.2014.01.002
https://doi.org/10.1007/978-1-0716-2313-8_7
https://doi.org/10.1002/ece3.5609
https://doi.org/10.1175/JCLI-D-14-00362.1
https://doi.org/10.1175/JCLI-D-14-00362.1


21 of 45Ecology and Evolution, 2026

Case Studies With Alpine Plant Species.” Botanica Helvetica 119, no. 2: 
125–133. https://​doi.​org/​10.​1007/​s0003​5-​009-​0065-​1.

Swets, J. A. 1988. “Measuring the Accuracy of Diagnostic Systems.” 
Science 240, no. 4857: 1285–1293.

Tadross, M., L. Randriamarolaza, Z. Rabefitia, and Z. K. Yip. 2008. 
“Climate Change in Madagascar; Recent Past and Future.”

Tagliari, M. M., P. Danthu, J. Leong Pock Tsy, et  al. 2021. “Not All 
Species Will Migrate Poleward as the Climate Warms: The Case of the 
Seven Baobab Species in Madagascar.” Global Change Biology 27, no. 23: 
6071–6085. https://​doi.​org/​10.​1111/​gcb.​15859​.

Tebaldi, C., K. Debeire, V. Eyring, et al. 2021. “Climate Model Projections 
From the Scenario Model Intercomparison Project (ScenarioMIP) of 
CMIP6.” Earth System Dynamics 12, no. 1: 253–293. https://​doi.​org/​10.​
5194/​esd-​12-​253-​2021.

Thomas, C. D., and P. K. Gillingham. 2015. “The Performance of 
Protected Areas for Biodiversity Under Climate Change.” Biological 
Journal of the Linnean Society 115, no. 3: 718–730. https://​doi.​org/​10.​
1111/​bij.​12510​.

Thuiller, W., D. Georges, M. Gueguen, et al. 2025. “biomod2: Ensemble 
Platform for Species Distribution Modeling.” https://​CRAN.​R-​proje​ct.​
org/​packa​ge=​biomod2.

Tigano, A., and V. L. Friesen. 2016. “Genomics of Local Adaptation 
With Gene Flow.” Molecular Ecology 25, no. 10: 2144–2164. https://​doi.​
org/​10.​1111/​mec.​13606​.

UNEP-WCMC. 2019. “User Manual for the World Database on Protected 
Areas and World Database on Other Effective Area-Based Conservation 
Measures.” http://​wcmc.​io/​WDPA_​Manual.

Vences, M., K. C. Wollenberg, D. R. Vieites, and D. C. Lees. 2009. 
“Madagascar as a Model Region of Species Diversification.” Trends in 
Ecology & Evolution 24, no. 8: 456–465. https://​doi.​org/​10.​1016/j.​tree.​
2009.​03.​011.

Vieilledent, G., C. Cornu, A. Cuní Sanchez, J.-M. Leong Pock-Tsy, and P. 
Danthu. 2013. “Vulnerability of Baobab Species to Climate Change and 
Effectiveness of the Protected Area Network in Madagascar: Towards 
New Conservation Priorities.” Biological Conservation 166: 11–22. 
https://​doi.​org/​10.​1016/j.​biocon.​2013.​06.​007.

Waldvogel, A.-M., B. Feldmeyer, G. Rolshausen, et  al. 2020. 
“Evolutionary Genomics Can Improve Prediction of Species' Responses 
to Climate Change.” Evolution Letters 4, no. 1: 4–18. https://​doi.​org/​10.​
1002/​evl3.​154.

Wang, G.-D., B.-L. Zhang, W.-W. Zhou, et  al. 2018. “Selection and 
Environmental Adaptation Along a Path to Speciation in the Tibetan 
Frog Nanorana parkeri.” Proceedings of the National Academy of 
Sciences 115, no. 22: E5056–E5065. https://​doi.​org/​10.​1073/​pnas.​17162​
57115​.

Wilmé, L., S. M. Goodman, and J. U. Ganzhorn. 2006. “Biogeographic 
Evolution of Madagascar's Microendemic Biota.” Science 312, no. 5776: 
1063–1065. https://​doi.​org/​10.​1126/​scien​ce.​1122806.

Wilson, M. F. J., B. O'Connell, C. Brown, J. C. Guinan, and A. J. Grehan. 
2007. “Multiscale Terrain Analysis of Multibeam Bathymetry Data for 
Habitat Mapping on the Continental Slope.” Marine Geodesy 30, no. 1–2: 
3–35. https://​doi.​org/​10.​1080/​01490​41070​1295962.

Wollenberg, K. C., D. R. Vieites, F. Glaw, and M. Vences. 2011. “Speciation 
in Little: The Role of Range and Body Size in the Diversification of 
Malagasy Mantellid Frogs.” BMC Evolutionary Biology 11, no. 1: 217. 
https://​doi.​org/​10.​1186/​1471-​2148-​11-​217.

Wollenberg, K. C., D. R. Vieites, A. van der Meijden, F. Glaw, D. 
C. Cannatella, and M. Vences. 2008. “Patterns of Endemism and 
Species Richness in Malagasy Cophyline Frogs Support a Key Role of 
Mountainous Areas for Speciation.” Evolution 62, no. 8: 1890–1907. 
https://​doi.​org/​10.​1111/j.​1558-​5646.​2008.​00420.​x.

Yadav, S. J., A. Stow, and R. Y. Dudaniec. 2021. “Microgeographical 
Adaptation Corresponds to Elevational Distributions of Congeneric 
Montane Grasshoppers.” Molecular Ecology 30, no. 2: 481–498. https://​
doi.​org/​10.​1111/​mec.​15739​.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Text S1: Bioclimatic variables down-
scaling. Text S2: Genomic data preparation, optimization of Genotype-
environment association analyses, and genetic offset calculation 
with Gradient Forest. Text S3: Adaptive units clustering. Table  S1: 
Occurrence records and genetic samples analyzed in this study, with 
associated geographic coordinates and population assignments. See 
Figure 1 for geographic distribution of occurrence records, samples, and 
populations across the study area. ACP, Angelica Crottini's extraction 
codes. Table S2: Root Mean Squared Error (RMSE) and R squared of 
the bioclimatic variables downscaling models' validation datasets. 
Table  S3: Climate variables used to calibrate ENMs along with data 
source. Table S4: Optimization of de novo assembly parameters using 
the R80 approach, as described by Rivera-Colón and Catchen (2022). 
Parameters -M and -n were set equal to each other and iteratively tested 
in the “denovo_map.pl” pipeline, ranging from values 1 to 12, using a 
subset of 12 samples. The optimal values (highlighted in bold) were se-
lected based on the smallest positive change in the number of polymor-
phic loci present in at least 80% of samples (R80) between successive 
iterations. Table S5: Summed values of the A1 and A2 validity indices 
(S) and their relative change compared to the previous k value between 
CLARA and hierarchical clustering algorithms. 
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FIGURE A1    |    Distribution of retained reads following “process_radtags” filtering (demultiplexing, quality filtering, and adapter trimming). (a) 
Number of retained reads (in millions) per sample, sorted in ascending order. (b) Distribution of retained reads per population. (c) Proportion of re-
tained reads relative to total input reads per sample, sorted in ascending order. (d) Distribution of proportion of retained reads relative to total input 
reads per population. Red dashed lines in a and c indicate mean values across all samples. In box plots, boxes represent the interquartile range (IQR), 
with the median shown as a vertical line; whiskers extend to 1.5 × IQR, and points beyond represent outliers. Samples from Fivahona Velotsoa were 
excluded from subsequent analyses due to low retained read counts (see Text S2 for details). Populations codes: AES, Andringitra Eastern Slopes; 
AWS, Andringitra Western Slopes; FA, Fivahona Ambavanala; FV, Fivahona Velotsoa; IM, Imaitso; NA, Namoly. See Figure 1 for population distri-
bution across the study area. Plots were generated with R scripts from Rivera-Colón and Catchen (2022).

Appendix A
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FIGURE A2    |    Optimization of de novo assembly parameters. Change in number of polymorphic loci present in at least 80% of the samples (R80) 
across subsequent iterations of the “denovo_map.pl” pipeline, with parameters -M and -n set equal to each other and iteratively tested for values 
ranging from 1 to 12 on a subset of 12 samples. The selected optimal values (M = n = 6) correspond to the smallest yet positive increase in R80 loci 
between iterations.
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FIGURE A3    |    Distribution of coverage following the gstacks step of the de novo assembly on the full dataset. (a) Average coverage per sample cal-
culated as the mean coverage across loci weighted by the number of individuals sharing each locus. (b) Distribution of average coverage per popula-
tion. The vertical red dashed line in (a) indicates mean values across all samples. In box plots, boxes represent the interquartile range (IQR), with the 
median shown as a vertical line; whiskers extend to 1.5 × IQR, and points beyond represent outliers. Samples ACP5288, ACP6817, and ACP6880 from 
the Andringitra Western Slopes population were excluded from subsequent analyses due to low coverage levels (see Text S2 for details). Populations 
codes: AES, Andringitra Eastern Slopes; AWS, Andringitra Western Slopes; FA, Fivahona Ambavanala; IM, Imaitso; NA, Namoly.
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FIGURE A4    |    LFMM sensitivity analyses across varying False Discovery Rate (FDR) thresholds (from 0.001 to 0.1). (a) Number of candidate SNPs 
detected for each bioclimatic predictor across the range of tested FDR thresholds. (b) Estimated false positive rate of candidate SNPs across the range 
of tested FDR thresholds for each bioclimatic variable. Bioclimatic predictors description: Bio3—Isothermality; Bio4—Temperature seasonality; 
Bio7—Temperature annual range; Bio9—Mean temperature of driest quarter; Bio13—Precipitation of wettest month; Bio14—Precipitation of driest 
month.
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FIGURE A5    |    Identification of candidate SNPs under selection with RDA. (a) Screeplot showing the constrained inertia explained by each RDA 
axis. (b) RDA1 vs. RDA3 scatterplot with individuals colored based on the two genetic clusters identified with the sparse nonnegative matrix factor-
ization (sNMF) method (see Figure 4b); gray dots in the middle represent SNPs; ellipses highlight individuals from the Andringitra Eastern Slopes 
and Imaitso populations. (c) RDA sensitivity analysis of the estimated false positive rate of candidate SNPs across a range of tested standard deviation 
(SD) thresholds (from 1.0 to 3.5) for each bioclimatic variable. (d) RDA sensitivity analysis of the number of selected candidate SNPs relative to a range 
of tested SD thresholds (from 1.0 to 3.5) for each bioclimatic variable. The vertical red lines indicate the SD threshold applied in the definitive analy-
sis. See Figure 1 for population distributions. Populations codes: AES, Andringitra Eastern Slopes; AWS, Andringitra Western Slopes; FA, Fivahona 
Ambavanala; IM, Imaitso; NA, Namoly. Bioclimatic predictors description: Bio3, Isothermality; Bio4, Temperature seasonality; Bio7, Temperature 
annual range; Bio9, Mean temperature of driest quarter; Bio13, Precipitation of wettest month; Bio14, Precipitation of driest month.
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FIGURE A6    |    Genetic offset for M. bourgati estimated using the Gradient Forest (GF) approach under two climate change scenarios. Genetic off-
set values were projected in geographic space within the Ecological Niche Model-predicted suitable areas of each adaptive unit (AU) across four-time 
steps (2010–2100) under SSP1-2.6 and SSP5-8.5 scenarios. Dots indicate mean values calculated across multiple binarization thresholds and global 
circulation models, while whiskers refer to standard deviation values. (a) Genetic offset assuming a dispersal rate of 50 m/year. (b) Genetic offset 
assuming a dispersal rate of 100 m/year. (c) Genetic offset assuming a dispersal rate of 200 m/year.
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FIGURE A7    |     Legend on next page.
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FIGURE A7    |    Genetic offset for M. bourgati estimated using the Gradient Forest (GF) approach under two climate change scenarios, with a 200 m 
radius buffer around binary suitable patches. Genetic offset values were projected in geographic space within the Ecological Niche Model-predicted 
suitable areas of each adaptive unit (AU) across four-time steps (2010–2100) under SSP1-2.6 and SSP5-8.5 scenarios. Dots indicate mean values cal-
culated across multiple binarization thresholds and global circulation models, while whiskers refer to standard deviation values. (a) Genetic offset 
assuming a dispersal rate of 50 m/year. (b) Genetic offset assuming a dispersal rate of 100 m/year. (c) Genetic offset assuming a dispersal rate of 
200 m/year.

FIGURE A8    |    Multivariate environmental similarity surfaces (MESS) values computed for ENM of current and future projections under the three 
dispersal scenarios simulated using the ‘MigClim’ R package. Panels represent different annual dispersal distances: (a) 50 m/year, (b) 100 m/year; 
(c) 200 m/year.
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FIGURE A9    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values. Suitable areas were estimated across four-time steps (2010–2100) under two climate change scenarios (SSP1-2.6 and 
SSP5-8.5), assuming a dispersal rate of 50 m/year. Dots indicate mean values calculated across multiple binarization thresholds and global circula-
tion models, while whiskers refer to standard deviation values. (a) Total suitable area over time. (b) Total area of AUs spatial projections within the 
ENM-predicted suitable areas (see Figure 4d for AU clustering details). Colors represent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) 
Genetic offset values projected in geographic space within the ENM-predicted suitable areas of each AU.
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FIGURE A10    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values. Suitable areas were estimated across four-time steps (2010–2100) under two climate change scenarios (SSP1-2.6 and 
SSP5-8.5), assuming a dispersal rate of 200 m/year. Dots indicate mean values calculated across multiple binarization thresholds and global circula-
tion models, while whiskers refer to standard deviation values. (a) Total suitable area over time. (b) Total area of AUs spatial projections within the 
ENM-predicted suitable areas (see Figure 4d for AU clustering details). Colors represent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) 
Genetic offset values projected in geographic space within the ENM-predicted suitable areas of each AU.
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FIGURE A11    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values, with a 200 m radius buffer around binary suitable patches. Suitable areas were estimated across four-time steps 
(2010–2100) under two climate change scenarios (SSP1-2.6 and SSP5-8.5), assuming a dispersal rate of 50 m/year. Dots indicate mean values calcu-
lated across multiple binarization thresholds and global circulation models, while whiskers refer to standard deviation values. (a) Total suitable area 
over time. (b) Total area of AUs spatial projections within the ENM-predicted suitable areas (see Figure 4d for AU clustering details). Colors repre-
sent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic offset values projected in geographic space within the ENM-predicted suitable 
areas of each AU.
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FIGURE A12    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values, with a 200 m radius buffer around binary suitable patches. Suitable areas were estimated across four-time steps 
(2010–2100) under two climate change scenarios (SSP1-2.6 and SSP5-8.5), assuming a dispersal rate of 100 m/year. Dots indicate mean values cal-
culated across multiple binarization thresholds and global circulation models, while whiskers refer to standard deviation values. (a) Total suitable 
area over time. (b) Total area of AUs spatial projections within the ENM-predicted suitable areas (see Figure 4d for AU clustering details). Colors 
represent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic offset values projected in geographic space within the ENM-predicted 
suitable areas of each AU.
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FIGURE A13    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values, with a 200 m radius buffer around binary suitable patches. Suitable areas were estimated across four-time steps 
(2010–2100) under two climate change scenarios (SSP1-2.6 and SSP5-8.5), assuming a dispersal rate of 200 m/year. Dots indicate mean values cal-
culated across multiple binarization thresholds and global circulation models, while whiskers refer to standard deviation values. (a) Total suitable 
area over time. (b) Total area of AUs spatial projections within the ENM-predicted suitable areas (see Figure 4d for AU clustering details). Colors 
represent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic offset values projected in geographic space within the ENM-predicted 
suitable areas of each AU.

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



35 of 45Ecology and Evolution, 2026

FIGURE A14    |    Temporal dynamics in habitat suitability for M. bourgati as predicted by Ecological Niche Models (ENMs) from 2010 to 2100 under 
two climate change scenarios, with a 200 m radius buffer around binary suitable patches. Panels (a–c) show projections under SSP1-2.6, while panels 
(d–f) show projections under SSP5-8.5. Time intervals correspond to: (a, d) 2010–2040; (b, e) 2040–2070; (c, f) 2070–2100. Projections depicted in the 
figure are based on the 100 m/year dispersal scenario and were generated using the maximize TSS binarization threshold and the IPSL–CM6A–LR 
global circulation model. Protected area boundaries are outlined in black and filled with a darker gray tone (see Figure 1 for details).
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FIGURE A15    |     Legend on next page.
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FIGURE A15    |    Population genetic structure of M. bourgati from SNP genotypes. (a) PC1 vs. PC2 scatterplot of Principal Component Analysis 
(PCA); individuals are colored based on the two genetic clusters identified with the sparse nonnegative matrix factorization (sNMF) method (see 
Figure 4a,b; ellipses distinguish individuals from Andringitra Eastern Slopes and Imaitso populations). (b) Screeplot showing the inertia of the first 
PCA principal components. (c) sNMF cross-entropy scores averaged over 10 replicates for each value of K (number of ancestral populations), used 
to determine the optimal number of clusters. (d) Correlation between individual genetic and geographic distances: Two-dimensional kernel density 
estimation of individual pairwise comparisons between genetic and geographic distances, with black dots representing individual pairwise compar-
isons and color contours indicating the density of points (darker regions representing lower density and lighter regions representing higher density). 
See Figure 1 for population distributions. Populations codes: AES, Andingitra Eastern Slopes; AWS, Andringitra Western Slopes; FA, Fivahona 
Ambavanala; IM, Imaitso; NA, Namoly.

FIGURE A16    |    Variable importance scores (measured by the Gini index) for the three adaptive units (AUs) identified through the random forest 
classification model. For each AU, the relative contribution of the six bioclimatic predictors is expressed as a percentage of the total Gini importance 
across all variables. See Table S3 for bioclimatic predictor description.

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



38 of 45 Ecology and Evolution, 2026

FIGURE A17    |    Spatial projections of M. bourgati adaptive units (AUs) within habitat suitability areas as predicted by Ecological Niche Models 
(ENMs) from 2010 to 2100 under two climate change scenarios, with a 200 m radius buffer around binary suitable patches (see Figure 4d for AU 
clustering details). Panels (a–d) show projections under SSP1-2.6, while panels (e–h) show projections under SSP5-8.5. Time steps correspond to: (a, 
e) 2010; (b, f) 2040; (c, g) 2070; (d, h) 2100. Projections depicted in the figure are based on the 100 m/year dispersal scenario and were generated using 
the maximize TSS binarization threshold and the IPSL–CM6A–LR global circulation model. Protected area boundaries are outlined in black and 
filled with a darker gray tone (see Figure 1 for details).

FIGURE A18    |    Spatial projections of M. bourgati genetic offset values within habitat suitability areas as predicted by Ecological Niche Models 
(ENMs) from 2010 to 2100 under two climate change scenarios, with a 200 m radius buffer around binary suitable patches. Panels (a–c) show pro-
jections under SSP1-2.6, while panels (d–f) show projections under SSP5-8.5. Time intervals correspond to: (a, d) 2010–2040; (b, e) 2040–2070; (c, f) 
2070–2100. Projections depicted in the figure are based on the 100 m/year dispersal scenario and were generated using the maximize TSS binariza-
tion threshold and the IPSL–CM6A–LR global circulation model. Protected area boundaries are outlined in black and filled with a darker gray tone 
(see Figure 1 for details).
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FIGURE A19    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values, within (circles) and outside (squares) the network of protected areas (PAs) of Madagascar. Suitable areas were estimat-
ed across four-time steps (2010–2100) under two climate change scenarios (SSP1-2.6 and SSP5-8.5), assuming a dispersal rate of 50 m/year. Circles/
squares indicate mean values calculated across multiple binarization thresholds and global circulation models, while whiskers refer to standard devi-
ation values. (a) Total suitable area over time within (circles) and outside (squares) Madagascar's PAs. (b) Total area of AUs spatial projections within 
the ENM-predicted suitable areas within (circles) and outside (squares) Madagascar's PAs (see Figure 4d for AU clustering details). Colors represent 
different AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic offset values projected in the geographic space within the ENM-predicted suitable 
areas within (circles) and outside (squares) Madagascar's PAs. See Figure 1 for PAs distribution across the study area.
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FIGURE A20    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values, within (circles) and outside (squares) the network of protected areas (PAs) of Madagascar. Suitable areas were es-
timated across four-time steps (2010–2100) under two climate change scenarios (SSP1-2.6 and SSP5-8.5), assuming a dispersal rate of 200 m/year. 
Circles/squares indicate mean values calculated across multiple binarization thresholds and global circulation models, while whiskers refer to stan-
dard deviation values. (a) Total suitable area over time within (circles) and outside (squares) Madagascar's PAs. (b) Total area of AUs spatial pro-
jections within the ENM-predicted suitable areas within (circles) and outside (squares) Madagascar's PAs (see Figure 4d for AU clustering details). 
Colors represent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic offset values projected in the geographic space within the ENM-
predicted suitable areas within (circles) and outside (squares) Madagascar's PAs. See Figure 1 for PAs distribution across the study area.
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FIGURE A21    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units (AUs) 
and genetic offset values, within (circles) and outside (circles) the network of protected areas (PAs) of Madagascar, with a 200 m radius buffer around 
binary suitable patches. Suitable areas were estimated across four-time steps (2010–2100) under two climate change scenarios (SSP1-2.6 and SSP5-8.5), 
assuming a dispersal rate of 50 m/year. Circles/squares indicate mean values calculated across multiple binarization thresholds and global circulation 
models, while whiskers refer to standard deviation values. (a) Total suitable area over time within (circles) and outside (squares) Madagascar's PAs. (b) 
Total area of AUs spatial projections within the ENM-predicted suitable areas within (circles) and outside (squares) Madagascar's PAs (see Figure 4d for 
AU clustering details). Colors represent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic offset values projected in the geographic space 
within the ENM-predicted suitable areas within (circles) and outside (squares) Madagascar's PAs. See Figure 1 for PAs distribution across the study area.

 20457758, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73664 by A

ngelica C
rottini - C

ochraneItalia , W
iley O

nline L
ibrary on [26/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



42 of 45 Ecology and Evolution, 2026

FIGURE A22    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values, within (circles) and outside (squares) the network of protected areas (PAs) of Madagascar, with a 200 m radius buf-
fer around binary suitable patches. Suitable areas were estimated across four-time steps (2010–2100) under two climate change scenarios (SSP1-2.6 
and SSP5-8.5), assuming a dispersal rate of 100 m/year. Circles/squares indicate mean values calculated across multiple binarization thresholds 
and global circulation models, while whiskers refer to standard deviation values. (a) Total suitable area over time within (circles) and outside 
(squares) Madagascar's PAs. (b) Total area of AUs spatial projections within the ENM-predicted suitable areas within (circles) and outside (squares) 
Madagascar's PAs (see Figure 4d for AU clustering details). Colors represent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic off-
set values projected in the geographic space within the ENM-predicted suitable areas within (circles) and outside (squares) Madagascar's PAs. See 
Figure 1 for PAs distribution across the study area.
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FIGURE A23    |    Extent of suitable habitat for M. bourgati as predicted by Ecological Niche Models (ENMs), spatial projections of adaptive units 
(AUs) and genetic offset values, within (circles) and outside (squares) the network of protected areas (PAs) of Madagascar, with a 200 m radius buf-
fer around binary suitable patches. Suitable areas were estimated across four-time steps (2010–2100) under two climate change scenarios (SSP1-2.6 
and SSP5-8.5), assuming a dispersal rate of 200 m/year. Circles/squares indicate mean values calculated across multiple binarization thresholds 
and global circulation models, while whiskers refer to standard deviation values. (a) Total suitable area over time within (circles) and outside 
(squares) Madagascar's PAs. (b) Total area of AUs spatial projections within the ENM-predicted suitable areas within (circles) and outside (squares) 
Madagascar's PAs (see Figure 4d for AU clustering details). Colors represent different AUs (AU1—yellow; AU2—blue; AU3—red). (c) Genetic off-
set values projected in the geographic space within the ENM-predicted suitable areas within (circles) and outside (squares) Madagascar's PAs. See 
Figure 1 for PAs distribution across the study area.
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FIGURE A24    |    Genetic offset values for M. bourgati estimated using the Gradient Forest (GF) approach under two climate change scenarios, with-
in (circles) and outside (squares) the network of protected areas (PAs) of Madagascar. Genetic offset values were projected in geographic space within 
the Ecological Niche Model-predicted suitable areas of each adaptive unit (AU) across four-time steps (2010–2100) under SSP1-2.6 and SSP5-8.5 sce-
narios. Circles/squares indicate mean values calculated across multiple binarization thresholds and global circulation models, while whiskers refer 
to standard deviation values. (a) Genetic offset assuming a dispersal rate of 50 m/year within (circles) and outside (squares) Madagascar's PAs. (b) 
Genetic offset assuming a dispersal rate of 100 m/year within (circles) and outside (squares) Madagascar's PAs. (c) Genetic offset assuming a dispersal 
rate of 200 m/year within (circles) and outside (squares) Madagascar's PAs. See Figure 1 for PAs distribution across the study area.
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FIGURE A25    |    Genetic offset values for M. bourgati estimated using the Gradient Forest (GF) approach under two climate change scenarios, with-
in (circles) and outside (squares) the network of protected areas (PAs) of Madagascar. Genetic offset values were projected in geographic space with-
in the Ecological Niche Model-predicted suitable areas of each adaptive unit (AU) across four-time steps (2010–2100) under SSP1-2.6 and SSP5-8.5 
scenarios, with a 200 m radius buffer around binary suitable patches. Circles/squares indicate mean values calculated across multiple binarization 
thresholds and global circulation models, while whiskers refer to standard deviation values. (a) Genetic offset assuming a dispersal rate of 50 m/
year within (circles) and outside (squares) Madagascar's PAs. (b) Genetic offset assuming a dispersal rate of 100 m/year within (circles) and outside 
(squares) Madagascar's PAs. (c) Genetic offset assuming a dispersal rate of 200 m/year within (circles) and outside (squares) Madagascar's PAs. See 
Figure 1 for PAs distribution across the study area.
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